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ABSTRACT

Traveling-wave Amplifier-Photodetectors

by

Daniel Lasaosa

Optical preamplification at the receiving end of lightwave communication
systems has traditionally been used to improve the signal-to-noise ratio (SNR) of the
detected photocurrent.  In recent years, integration of photodetectors with
semiconductor optical amplifiers (SOAs) has become a topic of interest, as an
electrically pumped, low-volume, low-cost aternative to erbium-doped fiber
amplifiers (EDFAS). The research contained in this dissertation represents, to the best
of my knowledge, the first attempt to demonstrate the possible advantages of a
distributed combination of optical amplification and photodetection.

Traveling-wave amplifier photodetectors, or TAP detectors, combine optical gain
and absorption in a distributed way, either alternating or acting simultaneously over
an optical signal, in order to extract alarge photocurrent without the need of handling
high optical powers. Combined with a traveling-wave design, this approach could

potentially achieve simultaneously high efficiency, high bandwidth and the

Xii



production of high unsaturated photocurrent. The penalty to pay for these advantages
isthe introduction of noise through the optical amplification process.

In this dissertation, three possible configurations of TAP detectors are proposed,
and their performance is discussed. A detailed theoretical description of the
properties of TAP detectors is presented, through simulation of their efficiency,
bandwidth and noise figure. The effects on the device performance of spontaneous
emission and amplified spontaneous emission (ASE), as well as gain saturation, are
also discussed. Design rules are extracted from these theoretical analyses. The
fabrication process and measured characteristics of GaAs-based TAP detectors with
vertical coupling are aso presented. The dependence of the external quantum
efficiency on the amplification region bias current and incident optical power strongly
supports the theory developed for these devices.

The theoretical analysis presented includes the, to the best of my knowledge, first
noise model for optoelectronic devices featuring a distributed combination of
amplification and photodetection. The experimental results presented include the, to
the best of my knowledge, first proof of principle of the distributed combination of
amplification and photodetection, as well as the demonstration of TAP detectors with

external quantum efficiency in excess of 200%.
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CHAPTER 1
| ntroduction

In this introduction, the work done during this project will be motivated, providing
intuitive explanation of the concept behind Traveling-wave Amplifier Photodetectors
(TAP detectors). In order to do that, the main characteristics that photodetectors
should present for optimum performance in optical communication systems will be
first summarized. The research developed during this project will be then motivated
through a brief intuitive explanation of the advantages and disadvantages that TAP
detectors may have with respect to other conventional photodetection schemes.
Finally, the TAP detector configurations studied during this project will be presented.

The chapter concludes with an outline of the rest of the dissertation.

Photodetectorsin optical communications

The demonstration of the first semiconductor laser diodes in the early 1960s

opened the possibility for portable, cheap sources of coherent light. The



demonstration of low-loss light transmission in silica-based optical fibers showed that
this coherent radiation could be transmitted over long distances. The high bandwidth
of silicafiber, its small attenuation, and the possibility to dope it with rare-earth ions
to achieve gain and extend the maximum propagation distance, have made possible
the advent of long-haul, high-speed optical links, deployed worldwide since the
1980s. Today, multi-gigabit per second optical links are common in various
communication systems. Although fiber to the home is not a reality for every user,
optical links play an important role in long-distance data transmission for many
different applications, from mobile telephony to cable television, and, of course, the

internet, increasingly present in everyday life.

[ ] [ ]

Figure 1.1: Optical links are more and more common in all kind of communications
systems, even if fiber to the homeis still not a reality for everybody. Represented isthe
internet, where users may connect themselves to a distribution node through an
electrical connection, but long-distance information transfer is achieved through optical
links.

In this section, the requirements for optimum detector performance in an optical
communications link will be briefly presented. Next, some of the trade-offs between

those requirements will be outlined. The purpose of this section isto give aflavor of



the challenges usually encountered in photodetector design, and to set the background

for the motivation of research in traveling-wave amplifier-photodetectors.

Photodetector requirements

The particular configuration of an optical link may vary. However, since the
overwhelming majority of applications are still electronic-based, from computers to
phones, at some point the optically-coded information needs to be trandated into an
electronic signal. That roleis traditionally played by photodiodes of awide variety of
types. The ideal characteristics of a detector for optical communications are high
efficiency, high bandwidth, high saturation power and low noise. High saturation
power and low noise ensure a wide range of input powers for which the optical signal
will be accurately trandated into an electrical signal. The high bandwidth is
necessary for high data rate reception. High efficiency reduces the need of electrical
amplifiers after the detector. Furthermore, since a background noise independent of
the input optical signal will always exist, a higher efficiency results in a lower input
optical power necessary to achieve the same output signal-to-noise ratio (SNR). This
background noise may have different origins according to the type of photodetector,
but thermal noise in the load resistor and dark current in the photodiode are always
present. It is precisely the need of the received signal to rise above this background
noise that motivated the introduction of optical preamplification before the

photodetector. Thisisillustrated in Figure 1.2.
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Figure 1.2: Detection of an optical signal after a long-distance propagation may result in
photocurrent values close to the background noise level (top). The use of optical
preamplification (bottom) helpsimprove the signal-to-noise ratio of the detected signal.

Optical preamplification is usually achieved through Erbium-doped fiber
amplifiers (EDFAS), athough semiconductor optical amplifiers (SOAs) may also be
used. The latter option allows for the integration of photodetector and preamplifier,
reducing space and cost. Bandwidth-efficiency products of over 2THz have been
obtained using an SOA integrated with a waveguide detector [1]. Efforts to improve
the performance of integrated SOAs and detector are still a current topic of research
[2]. The use of preamplification results in larger optical power arriving to the

photodetector. Thisis another reason for the importance of high saturation power.

The main characteristics for optimum photodetector behavior in an optical
communications link have thus been presented. In the next paragraph, some trade-

offs arising between these characteristics will be presented.



Trade-offs in photodetector performance

Several trade-offs present themselves in the performance of photodetectors.
Probably the best known is the bandwidth-efficiency product limitation in verticaly
illuminated photodiodes. It arises from the dependence of both the bandwidth and the
efficiency on the thickness of the active region. As the active region becomes
thinner, the transit time of photogenerated carriers is shortened, resulting in an
increase in the bandwidth, but less light is absorbed, resulting in a reduction of the
efficiency, and vice versa. This gives rise to the definition of the bandwidth-
efficiency product as a figure of merit for photodetectors. See figure 1.3 for a

schematic representation of this effect.

In traveling-wave photodetectors, the propagation of the optical signal and the
carrier extraction from the active region occur in orthogonal directions, allowing for a
separate optimization of both dimensions [3]. Efficiency will increase with an
increasing device length, whereas the transit time is determined by the active region
thickness. However, longer devices will present higher microwave propagation |oss.
Traveling-wave photodetectors will thus run again into efficiency-bandwidth product
limitations, although the limiting value will be higher than in the case of vertically-

illuminated detectors.
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Figure 1.3: Comparison between vertically illuminated (top) and traveling-wave
(bottom) detectors, showing the transit time t,. The graphs on the right represent the
evolution of optical power inside the device and the photocurrent generated (shaded
region). The propagation of light and current in orthogonal directions allows traveling-
wave detector sto bypass the bandwidth-efficiency product limit of vertically illuminated
detectorsthrough independent design of their thicknesst and their length L.

A large concentration of electron-hole pairs being generated in the active region
may result in a reduction of the device bandwidth. As electrons and holes separate
due to the application of an external bias, spatia net charges are created. These
electrical charges produce an electrical field in opposition to the applied voltage. For
large concentrations of electrons and holes, the field is intense enough to result in an
increase of the carrier trangit time. Figure 1.4 schematically represents this effect,

usually referred to as space-charge effect or field-screening effect.
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Figure 1.4: Space-char ge effect or field-screening effect in detectors. Left: electrons (full
dots) and holes (empty dots) are generated and start to separate due to the applied
voltage V*. Right: as electrons and holes separate, an electrical field E appears due to
the charge distribution in the active region, in opposition to the applied bias, slowing
down thecarrier transit.

This phenomenon, known as space-charge effect or field-screening effect, results
in a trade-off between efficiency, bandwidth and saturation power. For strong input
optical power, this may even result in a “bleaching” of the absorption due to a
continued presence of previousy generated free carriers in the active region.
Intuitively, the saturation power may be increased by reducing the concentration of
electron-hole pairs generated per unit volume. This may be achieved by reducing the
confinement factor of the optical signal in the active region, i.e., the fraction of
optical power that overlaps with the absorption region. As a result, in order to
maintain the efficiency the dimensions of the active region need to be increased. If
the active region thickness is increased, the transit time would become longer. If the
area of a vertically-illuminated detector is made larger, the bandwidth would suffer a
reduction, due to an increase in the RC time constant. In a traveling-wave structure,
wider devices would exhibit higher microwave propagation loss per unit length. So,

if either width or length are increased, the bandwidth would suffer too. Due to this



combination of events, a figure of merit has also been defined linking these three

quantities [4], although its use is not as widespread as the efficiency-bandwidth

product.

laser detector

#Z %S
EDFA pump
—K—

é EDFA
laser @ k filter detector
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Figure 1.5 Comparison between detection with (bottom) and without optical
preamplification (top). Theintroduction of optical preamplification typically entailsthe
use of an EDFA with its corresponding pump source, and optical filtering, resulting in
an increase in complexity, volume occupied and cost of the link.

The introduction of optical preamplification increases the output photocurrent,
thus improving the SNR of the received signal. This happens at the expense of
increased possibility of saturation, either in the amplifier or in the detector.
Furthermore, optical amplification introduces optical noise. Optical filtering between

amplifier and photodetector reduces the effect of this optical noise, resulting in a net



improvement of the signal-to-noise ratio. This improvement is obtained at the
expense of complexity (and thus cost) and size. Figure 1.5 shows this increase in

complexity, cost and space.

These are some of the most common trade-offs present in detector performance.
They illustrate that improvement of some device characteristics may result in
detriment of others. This is unfortunate, since it limits the overall performance that
may be obtained from photodetectors. It provides, however, ample field of work and

exciting opportunities for researchers.

Recent advances in photodetectors trying to break from these different trade-offs
include the development of uni-traveling carrier photodidodes (UTC-PDs), where the
absorption region is lightly p-doped, making hole transport much faster, resulting in
large bandwidth and saturation power [5]. Other advances include avalanche
photodiodes (APDs) with active regions engineered to better control the otherwise
quite random multiplication process. This randomness typically results in reduced
bandwidths and large noise figures. It has been recently demonstrated that the
multiplication process may be partially controlled by creating device regions where
carrier multiplication is inhibited or enhanced [6], and by the use of different
materials for absorption and multiplication [7]. These strategies have been used to
demonstrate lower noise and higher bandwidths than in traditiona APDs. Despite

these advances, the “ perfect detector” does not exist yet.

In conclusion, the desirable characteristics of photodetectors in optical

communication links have been presented and briefly motivated. Some of the trade-



offs arising among them have been presented, illustrating how improvements in some

of the detector characteristics may be obtained in detriment of others.

Motivation of thiswork

In the previous section, the need to increase the efficiency, the bandwidth and the
saturation power, and reduce the noise of photodetectors, was presented. Different
trade-offs between these performance parameters were also briefly discussed. The
main goal of the research contained in this thesis is the search for a new type of
device that, combining optical amplification and absorption, would be able to produce
a higher efficiency-bandwidth product without sacrificing saturation power. In this
paragraph, traveling-wave devices combining optical amplification and absorption in
a distributed way will be presented as a possible alternative to achieve this goal. We
will call such devices Traveling-wave Amplifier Photo-detectors, or TAP detectors.
This section will outline the advantages and disadvantages that such a distributed
combination of optical gain and absorption would have, in terms of the desired

characteristics of detectors for optical communications.

One of the main reasons why the trade-offs in detectors arise is due to the
destructive nature of the photodetection process. As photocurrent is generated, the
optical power isreduced. Thisimmediately entails that, unless amplification of some
kind is introduced, the maximum response that we may obtain out of a photodiode is
one electron of photocurrent per photon of incident light. This constitutes a quantum

efficiency of 100% in the conversion process.

10



Due to this destructive nature, photocurrent is not homogeneously generated in a
photodetector. The optical power is larger at the device input, where the light is
incident, resulting in a higher spatial density of photocurrent generation. As the
optical power is absorbed, the current generation rate drops. Equal increments in the
efficiency require thus larger and larger increments in device size, with negative
repercussions on the bandwidth. Producing a photocurrent of a predetermined value
becomes therefore easier if the incident power islarger. This, of course, increases the
probability of saturation at the device input, where the photon concentration is

highest.

The ideal solution to the situation described above would be a “non-destructive”
photodetector, where current would be generated without light being absorbed. In
such a device, an identical photocurrent could be generated with lower peak power,
avoiding saturation up to higher output current values. At the same time,
photocurrent generation would no longer be limited by an efficiency of 100%. Figure
1.6 schematicaly shows a comparison between a real detector and a “non-

destructive’ detector.

One possible solution is to compensate the photon absorption through optical
amplification. If thisamplification isintroduced in a distributed way, a situation very
similar to the one described in figure 1.6 for a “non-destructive” detector is possible.
In order to secure a large bandwidth, a traveling-wave electrode configuration could
be used. These characteristics constitute the rough draft of the devices that have been

the object of the research described in this dissertation.

11
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Figure 1.6: Comparison between a real photodetector (top) and a fictitious, “non-
destructive” detector (bottom), showing the evolution of optical power as light
propagatesinside the device in both cases. The photocurrent generated after the optical
power hastraveled for a certain distance in the device (shaded area under the curve) is
much larger in the second case. This would allow for higher efficiency with the same
device length, for alarger bandwidth-efficiency product and the same saturation power.

The concept of the traveling-wave amplifier-photodetector, or TAP detector, is
born. It is a device combining optical amplification and absorption in a distributed
manner, presenting a traveling-wave electrode configuration. The distributed
combination of amplification of detection allows it to generate high photocurrent with
relatively low input optical power, while avoiding saturation, as described for the

“non-destructive detector” shown schematically in figure 1.6. Its bandwidth may be

12



large because of its traveling-wave configuration, which has been successfully used in

the past in record-holding devices [§].

As mentioned earlier, the “perfect detector” does not exist. In TAP detectors,
noise and background current will be introduced during the optical amplification
process. This will introduce new trade-offs, which will be analyzed in this
dissertation. The inherent additional difficulty of combining gain and absorption on
the same device will complicate the fabrication of such devices, adding probably to
the production cost. Nonetheless, after the previous discussion in this paragraph, one
idea stands clear: TAP detectors have the possibility of presenting simultaneously
high responsivity and high bandwidth, without incurring in saturation. This is the
main advantage sought in the work presented in this dissertation. In the next section,

the specific configurations that have been the subject of this study will be presented.

TAP detector configurations

Before we can start the performance anaysis or the design of the devices
introduced in the previous section, a more detailed configuration needs to be
established, since the idea of “distributed combination of absorption and gain in a
traveling-wave configuration” is still quite vague. In this section, three different
configurations producing this effect will be introduced. The next paragraphs will
provide a brief description of these configurations, outlining their main

characteristics.

13



TAP detectors with alternating amplification and absorption

One way of combining gain and absorption in a distributed fashion, which may
also be achieved by combining discrete elements, is the alternation of amplifiers and

photodetectors, as shown schematically in figure 1.7.

currentjoutput

detector  amplifier

Figure 1.7: Alternating combination of amplification and detection. The light surviving
absor ption in one detector constitutes the input of the following amplifier in the chain.
Thecurrent from all photodetectorsisadded.

This idea may be put into practice by using a waveguide with severa contacts
distributed along the direction of propagation of light, in such a way that forward-
biased contacts for amplification aternate with reverse-biased contacts for absorption,
as shown in figure 1.8. Because of the presence of nearby contacts with opposite

polarities, the regions between them must provide electrical isolation.
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Figure 1.8: Three-dimensional representation of a TAP detector with alternating regions
of amplification and absorption. Light propagates along the z direction.

This configuration was first proposed in [9], and an anaysis of its main
performance characteristics was first published in [10]. Intuitively, this configuration
“recycles’ the optical signal in a periodic configuration, where each period is
constituted by an amplifier, a photodetector, and regions in between to provide
electrical isolation between both devices. If each amplification region produces
exactly enough gain to compensate for the absorption of the preceding detection
region, each detection region, which may be viewed as an individual photodetector,
will be excited by the same amount of optical power. Therefore, in the event of gain,
absorption and loss canceling over each period formed by an amplification section

and an absorption section, the total efficiency of the device will be equal to Nn®, N

being the number of absorption regions and h™® the efficiency of each one of them.
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This configuration is clearly able to produce higher unsaturated current than
classical photodetectors. This is expressed intuitively in Figure 1.9, where a
conventional photodetector with pre-amplification is compared to a TAP detector

with sequential gain and absorption.

photocurrent

A
optical saturation power
power N2
propagation
distance
>
photocurrent
optical
power

>
propagation
distance

Figure 1.9: Comparison of the maximum unsaturated output photocurrent (shaded
area) in a conventional photodetector with pre-amplification (top) and in a TAP detector
with alternating gain and absor ption (bottom). The horizontal dashed line represents
the saturation power of each individual photodetector. Ideally, a large number of
sections may beincluded, leading to an (a priori) arbitrarily large photocurrent.
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Given the saturation power Pg: of a conventional photodetector, the maximum
unsaturated photocurrent that may be extracted out of it is RPs=(q/hn)h P, h being
its quantum efficiency, g the charge of an electron and hn the energy of a photon. R
is the detector responsivity, defined as the ratio between the generated photocurrent
and the input optical power. Note that this value does not depend on the presence of
an optical preamplifier, or on its gain, but only on the maximum power that the
detector may handle and on its responsivity. Let us now assume that each individual
photodetection region in a TAP detector with alternating gain and absorption has the
same saturation power Pgy;. Let us furthermore assume that each detection region has
half the efficiency as a conventional photodetector. This assumption is made to allow
for a significant fraction of the optical power to be “recycled” into the next
amplification region. The total device efficiency is then given by Nn®=Nh/2. The
maximum unsaturated photocurrent is then NRPs/2, N/2 times higher than in the
previous case. Note that we can, in principle, make this amount arbitrarily large by

adding more periods of gain and absorption.

There are limitations to this approach, apart from the higher fabrication
complexity, as outlined at the beginning of this section. First, the number of sections
cannot be arbitrarily large. As we will later show, bandwidth decreases with the
number of sections, while added noise increases [10]. Furthermore, larger number of
periods also requires larger current to pump the amplification sections to produce the
same gain. This also makes too many sections impractical, among other reasons

because of the temperature increase due to Joule dissipation by the bias current
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needed to pump all the amplification sections. Finally, detector designs specifically
developed for large saturation power may not be compatible with integration as and

alternating section of alarger device.

In terms of the high-frequency response, we need to remember that microwave
loss, which increases with frequency and therefore sets an upper limit for the
operation bandwidth of any optoelectronic device, is proportional to the device
length. However, as shown in Figure 1.8, the metal that carries the generated
photocurrent travels for a considerable fraction of the time over an insulator. This
results in reduced losses over the case of an electrical waveguide traveling constantly
directly over a doped semiconductor. . Each absorption section introduces, however,
a capacitive load and microwave losses. The bandwidth will be mostly determined by
the number of periods and the length of each detection section, decreasing as each
one of these two parameters increase. The efficiency, however, increases with the
number of periods and the efficiency of each detection section, which in turn
increases with the length of each absorption section. There exists therefore a trade-
off between the efficiency and the bandwidth that may be simultaneously achieved

using this configuration. This trade-off isinvestigated in this dissertation.

Optical processes introduce noise of various origins. Amplification produces
fluctuations in the optical signal due to randomness in the gain process. Loss
(through absorption, scattering or incomplete coupling) introduces partition noise due
to the random selection of which photons survive and which ones do not. Incomplete

detection produces a similar effect, due to the random selection of which photons
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produce a collected electron-hole pair and which ones do not. The occurrence of
these effects increases as the number of periods increases, resulting in growing noise.

The trade-off between efficiency and noise addition will be investigated here.

Furthermore, each gain section will also generate amplified spontaneous emission
(ASE) that may also be detected in the absorption sections. This will generate a
background current. The relation between the background current and the

photocurrent, and its dependence on the number of periods, needs also to be studied.

One important challenge presented by this configuration is the electrical isolation
of the aternating contacts for the gain and absorption regions. This must be achieved
while minimizing the negative effects on the optical properties of the device. Most
electrical isolation techniques (e.g. ion implantation) tend to introduce heavy optical
loss. Recent advances in intermixing techniques [11] make however this sequential
combination of amplification and photodetection possible. In fact, lasers consisting
of separate sections connected in series have been demonstrated, presenting record-
high differential efficiency [12]. Similar schemes could be used to bring TAP

detectors with aternating gain and absorption to reality in the near future.

In summary, TAP detectors with alternating gain and absorption have been
introduced. They consist of a sequence of periods formed by an amplification section
and a detection section, with sections providing electrical isolation in between. For
an arbitrarily large number of periods, an arbitrarily large photocurrent could be
achieved for a given input power. The number of periods may however not be

arbitrarily large, because an increase in the number of periods resultsin an increase in
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the microwave loss affecting the propagation of the generated photocurrent.
Furthermore, the need to pump all amplification regions makes a large number of
periods impractical. A higher number of periods results aso in a larger background
current being generated due to absorption of ASE, and an increase in the noise added
through the amplification process. Whether these two undesired effects grow faster

than the signal or not is studied in this dissertation.

TAP detectors with transverse coupling

Gain and absorption may act smultaneously on the optical signal. This situation
may be understood by considering a single optical waveguide with two different
active regions, one forward biased to provide gain, one reverse biased to collect
absorbed light. It may aso be understood by assuming two strongly coupled
waveguides, one amplifying the light propagating through it, one absorbing it. Since
most of the optical power traveling along the absorbing waveguide will quickly
disappear, the coupling needs to be understood as mostly unidirectional. We will
assume that both waveguides are parallel to one another, and to the propagation
direction, either one on top of the other (in TAP detectors with vertical coupling [13])

or side by side (in TAP detectors with lateral coupling [9]-[10]).
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absorption

absorption

Figure 1.10: Combination of amplification and absor ption via transver se coupling. TAP
detectors are shown presenting lateral coupling (left) and vertical coupling (right).
Light propagation occursalong theindicated zdirection.

TAP detectors with vertical coupling have been fabricated both in GaAs and in
InP.  Comprehensive modeling and design improvements have allowed their
performance to reach over 100% external quantum efficiency at 1.55mm wavelength

[14], and over 200% at 850nm wavelength [13].

When gain, absorption and loss cancel out in this particular configuration, the
optical power evolution and photocurrent generation are exactly as described in figure

1.6 for a“non-destructive’ detector.

In these two configurations, the gain and absorption regions are strongly coupled.
Thus, a weakly coupled waveguide model would not be accurate. Instead, one mode
may be assumed to overlap with both amplification and absorption regions. The
effect of each one will be determined by the modal confinement factor in that

particular region. Figure 1.11 shows schematically the optical power spatial
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distribution in a guided mode for the particular case of a TAP detector with vertical
coupling. In the case where, as we mentioned earlier, gain, absorption and loss
exactly cancel out, the optical power in the device would be constant, resulting in the

generated photocurrent being proportional to the device length.

detector

gound | |

Eee L —
amplifier |

optical power
distribution

Figure 1.11: TAP detector with vertical coupling (left) and vertical optical power
distribution (right). The ratio between each shaded area and the total area under the
curve represents the confinement factor for that particular region. The contact labeled
“ground” is common for the amplification and absor ption regions. The other contacts
are exclusive to each, and are labeled accordingly.

Just like in the case of TAP detectors with alternating gain and absorption, ASE
will be produced in the amplification region. Part of it will again be absorbed,
generating once more an undesired background current. Furthermore, and since
spontaneous emission is generated in all directions of space, an additional background
current will be generated by absorption of non-guided spontaneously emitted photons.

Noise will also be added through the amplification process. The background current
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and the noise need to be studied, and if necessary, trade-offs will need to be

established between them and the device efficiency.

In terms of microwave propagation, the electrode carrying the signal (reverse-
biased for absorption) will overlap with doped semiconductor regions over the entire
device. This will result in higher loss per unit length than in the case of TAP
detectors with alternating gain and absorption. At the same time, and because
absorption and gain happen simultaneously in TAP detectors with transverse

coupling, the length necessary to provide the same efficiency will be smaller.

Vertical coupling exhibits certain advantages over lateral coupling. One of them
is the possibility to obtain in a single epitaxy different regions for gain and
absorption. Thus, quantum wells may be grown for amplification and bulk for
absorption in a single growth, resulting respectively in larger gain and easier carrier
extraction. Another advantage stems from the need for electrical isolation between
the gain and absorption diodes. The residual cladding and active region between gain
and absorption contacts in TAP detectors with lateral coupling need to be made
insulating to prevent a large conduction between these electrodes, which would result
in a large background current, and at the same time a less efficient current injection
into the amplifier active region, with the ensuing reduction in the available optical
gain. TAP detectors presenting vertical coupling do not have that problem. Carriers
may leak through the gain region and the claddings, but this effect may be inhibited

with suitable bandgap engineering.
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TAP detectors with vertical coupling exhibit these two same advantages over
TAP detectors presenting alternating gain and absorption. The latter, however, admit
the possibility of integrating other functions, such as filtering through wavelength-
selective absorption between amplification and detection sections. This may be very

convenient to reduce the effect of the ASE produced in the device.

In summary, two TAP detector configurations presenting transverse coupling
have been introduced in this paragraph. In these configurations, a guided mode
overlaps with two different regions, one reverse-biased to provide absorption, one
forward-biased for amplification. Both regions may be placed one on top of another,
or side by side, giving raise to configurations with vertica and lateral coupling,
respectively. TAP detectors with transverse coupling will intuitively produce a
photocurrent proportional to their length when gain and absorption are made to cancel
out. Similarly as in the case of TAP detectors with aternating gain and absorption,
noise and background current will be produced, stemming from randomness in the
amplification process and ASE generation in the gain region. The bandwidth will
decrease with device length. Trade-offs between the background current, the added
noise, the bandwidth and the efficiency need to be studied. The paragraph concluded
with a brief comparison between the three configurations presented. A more detailed
comparison is established later on in this dissertation, after a more complete study of

the three configurations is presented.
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Outline of the dissertation

This dissertation constitutes, to the best of my knowledge, the first study of photo-

detectors combining amplification and absorption in adistributed way.

As summarized in an intuitive way in the previous section, Traveling-wave
Amplifier Photo-detectors have the potential of providing simultaneously high
efficiency and high bandwidth without compromising the saturation power, at the
expense of an increase in noise. In principle, amplification and absorption may be
combined in many different ways. This work has concentrated in studying mostly
three configurations, two out of which may be analyzed theoretically in equivalent

fashion (presenting vertical and lateral coupling).

TAP detectors with vertical coupling were successfully fabricated and measured.
The experimental results obtained from these devices provided proof of principle for
the concept of distributed amplification and absorption, both in the GaAs and InP
systems. In fact, external quantum efficiencies larger than 100% were demonstrated
in both material systems. This was not, however, the only important contribution
made by this work. Extensive simulation was performed, leading to the design that
allowed these experimental results to happen. Moreover, some of these simulations
were performed using new models specifically developed for this purpose, due to the
lack of appropriate prior theoretical study applicable to these particular devices.
These models may be very useful to any further research on TAP detectors, or on the

effects and characteristics of the distributed combination of gain and absorption. This
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dissertation will present the theoretical study performed on TAP detectors, including
their efficiency, bandwidth, saturation, noise, and dependence on device geometry
and design parameters. The fabrication of TAP detectors with vertical coupling and
the experimental results obtained with these devices are aso presented. The
organization of the rest of the dissertation, which includes the aforementioned

information, is now detailed.

Chapter 2 presents the theoretical study of the DC behavior of TAP detectors,
namely the study of their efficiency, the background current generated, and the
saturation processes that are generated by the competition of signal and ASE. Design
rules are extracted from those analyses. Chapter 3 discusses the high-frequency
response and the bandwidth of TAP detectors. The noise properties of these devices
could not be studied with prior models, so chapter 4 presents a new noise model
developed to take into account the effect of a distributed combination of amplification
and absorption on the statistics of the optical power as it travels along the device and
of the generated photocurrent. This model is applied in chapter 5 to TAP detectors.
All aong these four chapters, special emphasis will be placed on providing a good
intuitive understanding of the processes occurring in TAP detectors and the relations
between their different performance parameters, including trade-offs between them
whenever they arise. Obtaining design rules for TAP detectors is another important
goal of these chapters. Chapter 6 discusses the fabrication of TAP detectors,
presenting the process developed for this purpose, some of the difficulties

encountered and how they were solved. Chapter 7 shows the experimental results
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obtained from fabricated TAP detectors. Finally, chapter 8 summarizes and discusses
al the previous information, and points toward possible future routes for TAP

detector research.

Some notes on definitions

In TAP detectors, and due to the distributed combination of amplification and
absorption, the conversion factor between the electrical output and the optical input
cannot be separated in the product of an amplifier gain multiplied by a detection
efficiency. Efficiency is usually understood as the output-to-input ratio used to
describe processes where a numerical value describing the output cannot be larger
than the value describing the input. In this dissertation, however, and because of the
effect of the distributed combination of gain and absorption, the efficiency of a TAP
detector will be defined as the ratio between the output photocurrent, expressed in
units of electrons per unit time, and the input optical power, expressed in units of
photons per unit time. Because of the presence of optical gain, this definition may
obviously violate the upper limit of one, typically assumed inherent in the definition
of the efficiency of a process. In the interest of clarity, | will throw caution to the
wind and adopt this generalized definition of efficiency. For fair comparison, the
generalized efficiency of a detector with optical preamplification needs to be defined
as the ratio between the electrical output of the detector, expressed in electrons per

second, and the optical input of the amplifier, expressed in photons per second.
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Another concept that will be loosely used throughout this dissertation is that of
normalization. Usually, normalization refers to the situation when several values are
divided by a constant, or by a reference value, in order to establish a comparison
either among the former, or between the former and the latter. In TAP detectors,
several processes occur at the same time, such as amplification and absorption of the
input signal, and generation and absorption of amplified spontaneous emission (ASE).
In order to establish a comparison between these processes, it may be very useful to
find the ratio between two different variable amounts, such as the total photocurrent
and the peak optical power inside the device, or between the photocurrent generated
by absorption of ASE in the entire device and the ASE power generated in a certain
section of it. The calculation of those ratios will be, in many cases, referred to as
“normalization”. This will happen only when it is understood that the ratio helps
shine light on the nature of a particular process, or brings forth intuitive
understanding of how the effect of two different processes combines in the behavior
of the entire device. Even though thisis not consistent with the traditional use of the
word “normalization”, this generalized use will be present throughout the dissertation
to help bring clarity and understanding to the performance analysis of TAP detectors.
One particularly clear example is what is defined in chapter 2 as the “efficiency
normalized to peak power”. This concept is defined as the ratio between the total
output photocurrent and the highest optical power present along the device. It is
extremely useful, since it compares how the combination of amplification and

absorption may lead to high photocurrent outputs with small optical power input, but
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incurring into saturation if this is achieved by a large net gain, product of an
imbalance between amplification and absorption. Other such ratios will be referred to

as“normalizations’ in this dissertation.
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CHAPTER 2
DC characteristics of TAP detectors

In this chapter, the DC characteristics of TAP detectors will be analyzed. This will
include their DC efficiency to an optical input, the background current that exists
independently of that input, and the effects of the competition between the amplified
spontaneous emission (ASE) and the signal for the available optical gain. In the case
of TAP detectors with vertical coupling, the effects of a parasitic transistor that
appears in the structure will also be discussed. First, we will show how the efficiency
of TAP detectors may be calculated for the different configurations presented in the
previous chapter, assuming that no spontaneous emission is present. Next, we will
describe the physical origin of the background current that will exist independently of
the optical input, and quantify the main contributions, generated by the absorption in
the detection region of spontaneous emission (amplified or not) generated in the gain
region. Then, the effect of the parasitic transistor appearing in TAP detectors with

vertical coupling will be discussed. Finaly, the effect of competition between the

31



ASE and the signa for the available gain will be studied. Design rules will be

established out of these analyses.

Efficiency

As it has been claimed in the introduction, the distributed combination of
amplification and photodetection is capable of producing high efficiency and high
bandwidth without compromising the saturation power. In this paragraph, it will be
shown how the efficiency of TAP detectors may be calculated. In afirst section, the
general equations, valid in the presence of distributed amplification and
photodetection for all possible configurations of TAP detectors, will be deduced. In
the next two sections, these equations are applied to the two particular configurations

introduced in the previous chapter.

Generic distributed amplifier-photodetectors

As an optical mode travels inside a distributed amplifier-photodetector, both gain
and absorption affect the optical power contained in it. We can define position-
dependent modal confinement factors for the gain and the absorption, noted
respectively by Gy(2) and Guy(2), together with the position-dependent material gain
and absorption per unit length, noted respectively by g(z) and a(z). zis the direction
of propagation of light inside the device. We will assume that the device input is at
Zz=0, and the output at z=L. Together with the amplification and absorption, the third

process that will affect light asiit travelsis optical loss, through various mechanisms,
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such as scattering or free-carrier absorption. Let us denote (z) the loss per unit
length. Neglecting the effect of spontaneous emission, the mode experiences then a

position-dependent net variation rate per unit length Dg(2) given by
Dy(2)=G,(2)9(2)- G.(z)a(z)- I(2) (2.2).

As the mode travels in the device, the optical power changes. We will define
Popt(2) as the optical power that arrives to position z in the device, traveling from
lower to higher values of z. We will aso define Ipn(2), the cumulative photocurrent
that has been generated as the light has traveled from 0 to z, i.e., the current that is
generated in the detector region comprised between 0 and z.  See figure 2.1 for a

schematic representation.

Figure 2.1: Schematic representation of an amplifier-photodetector for the purposes of
calculating its efficiency. Position-dependent gain g(zZ) and absorption a(z) in the
amplification and detection regions, respectively, are indicated, as well as modal
confinement factors in these respective regions, Gy(z) and G,(2). The device input is at
z=0, its output at z=L. The local optical power at position z, Pyu(2), is also indicated.
I ;n(2) represents the photocurrent collected asthe optical signal hastraveled from Oto z.
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Ignoring by now the effect of spontaneous emission, and assuming that only one
guided mode exists in the device, the evolution of the optical power Poux(2) is

described by the following equation:

=Dg(z)Pyx (2) (2.2),

with the initial condition Pop(0)=hcPin, Pin being the input optical power and h. the
coupling factor into the considered mode. The photocurrent 1,n(2) generated as the
input optical signal has traveled from 0 to zis described by

di 0 (2) _

q
dz m

G.(2)a(2) Pt (2) (2.3),

with the obvious initial condition Ipy(0)=0. The solutions to these equations are
written as

x)dx

P (2) =heRie  =heRuG(2) 24,

ln(7) = thenoea() a (x)6(x)dx=_ThcRh (2 29

The total photocurrent generated by the TAP detector is given by Ipn(L). G(2) is
the cumulative optical signal gain that the signal experiences traveling from O to z
h(2) is the cumulative internal quantum efficiency from 0 to z, i.e., the ratio between
the total amount of photocurrent generated as the optical signal has traveled from 0 to
z, and the coupled input optical power, expressed respectively in units of electrons per

unit time and photons per unit time. The external quantum efficiency of the deviceis
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obvioudly given by hch(L). G(2) and h(2) are introduced in order to simplify the

notation, and will become most useful in later sections and chapters.

Note that, when the device waveguide supports multiple modes, the effect of all
of them needs to be taken into account. In the general case where the device optical
waveguide is multimode, the total optical power and the cumulative photocurrent are

described by the following relations:

z

o Pa(x)dx
I:)opt (Z) =R.a hceo (2.6),
. C Po(y)ay
Iph(z)=%l?na he(a(X)a (x)e° dx (2.7),
0

where the sum is carried out over all modes. The confinement factors, and therefore
the net gain per unit length Dg, will in genera be different for each mode. The

coupling coefficient h will also be different from mode to mode.

In the next two sections, we will use these equations to calculate the efficiency of

TAP detectors in the two different configurations presented in chapter 1.

TAP detectors with alternating amplification and absorption

In order to calculate the efficiency of a TAP detector with alternating
amplification and absorption, let us assume that al amplification sections are
identical, with gain g per unit length, amplification section length Ly, and modal

confinement factor in the active region G, We will furthermore assume that all
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absorption sections are also identical, with material absorption a, absorption section
length L, and modal confinement factor in the absorption region Gs. Let us call h®
the efficiency of each detection section, and | the loss per unit length, which we will
assume to be constant all along the device. This situation is shown schematically in

figure 2.2.

Ly Ly h®

A
\]

Popt,n- 1 Popt,n

Figure 2.2: Cross-section of a TAP detector with alternating gain and absorption,
showing the parametersused for the calculation of the efficiency in a TAP detector with
alternating amplification and absorption. h® isthe efficiency of each detection section
(all assumed identical). The length, material gain or absorption, and confinement
factors of the amplification and detection sections are indicated. The areas where the
active (darker) region isinterrupted represent the isolation sections. Light propagation
occurs from left to right. Pgy, represents the optical power that arrives to the n-th
detection region.

If we call Popn the amount of optical power that arrives to the n-th detection
section, we can find, integrating (2.2) over one period, the following recursive

relation:

P

G,9-1)L,- (Ga+l)L, 2 _
opt,n :e( 9 )g ( i ) (hiso) I:)opt,n-l_DGF)opt,n-l (2-8)1

where DG is defined as the net gain per period, and the initial condition is given by

Popt’]_:h CPin, |eaj| ng tO
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Poptn =NcR,DG™* (2.9).

The term his, represents the fraction of power that remains after passing through
each of the isolation regions existing between amplification and detection regions,

I.e., 1- hiy, isthe lossintroduced by each isolation region.

Integrating now (2.3) over one absorption section, its efficiency h® may be

caculated:

h@ = Ga é. Gy (2.10)
Ga +l € u o

For atotal of N absorption sections, the total photocurrent produced by the device

lpn and the total external quantum efficiency heq are written as

N N
& 0, (1 _q 1) DG™ -1
o = Elmh( P _EP‘”hch() DG- 1 (2.11),
| N
hy, =10 oy (0 DG -1 (2.12).
q R, DG- 1

For values of DG close to 1, i.e,, when the optical power that arrives to each
detector is approximately the same, DG" may be expanded as ((DG- 1)+1)" using

Newton’s binomial formula, leading to the following approximation:

Nex|iog. geq =N WN+hh® gi; Q(DG - 1) (2.13).

The value for the efficiency given in equation (2.13) is very close to the exact

value when |DG- 1|N<<1, and a good approximation whenever |DG- 1|N<1.
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For a coupling efficiency of 50%, a redlistic efficiency of each of the individual
detection sections of 50% (in order to allow for the gain in the amplification section
to compensate for the optical power lost through absorption and loss), we find a total

external quantum efficiency of approximately 0.25 per section.

Finally, note that, without additional processing complexity, the first section of
the TAP detector may be made an amplification region instead of a detector region, as
shown in figure 2.3. In such case, this first section may be longer than the rest of the
amplification regions, and independently biased, to provide a different optical gain
Gi1. This, of course, results in saturation for lower input optical power, but without
reduction in the maximum unsaturated photocurrent. The efficiency is then increased
by a factor of Gjhis,, wWhere the loss in the isolation region between the first
amplification section and the first detection section has been assumed to be the same
asfor any other isolation section. Thisleads to the following final result:

DGN -
DG_

hee =hGhigh" fzthlhisoh(l’N +hc61hisoh(1)§;'9(DG- 1) (2.14).

2

Using this approach, external quantum efficiencies higher than 10 may be easily

achieved for devices with 5 sections.
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Figure 2.3: TAP detector with alternating amplification and absor ption with an added
gain section at the beginning of the device. The net gain per period DG, the gain of the
first amplification section G; and the efficiency of each individual detection section h
areindicated. Light propagation occursin thezdirection.

One interesting parameter is the ratio between the total photocurrent in electrons
per second and the maximum optical power in photons per second arriving to any
detector region. This ratio offers us an insight on how high an efficiency we may
obtain without saturating the device, since the overall device saturation will begin to
show as soon as any of the different absorption or amplification sections starts to
saturate. We will call this parameter the efficiency normalized to peak power, and
denote it by hno. Note that dividing the total efficiency by the peak optical power
inside the device does not constitute a normalization in the strict sense, since the peak

power is a changing parameter.

One of the features of the efficiency normalized to the peak power is that, given a
certain internal saturation power Pgy, such that if that power is present at any point
inside the device, this one would begin to saturate, then the maximum unsaturated

photocurrent that a detector may produce is given by hpoPsy. In that sense, what we
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call the efficiency normalized to peak power would actually be the maximum
unsaturated photocurrent in electrons per second normalized to the internal saturation

power in photons per second.

If DG<1, more power will arrive to the first detection section than to any other. In
that case, the efficiency normalized to peak power is aways lower than for the case
where DG=1, since each detector section will produce less photocurrent than the first,

for alower total efficiency with the same peak power:

m o Nt
Nior |Dg<1 :E pt ) =h ® éo DG" ! < Nh ® (2.15).
opt, n=

For DG>1, the maximum power will arrive to the last detection section, resulting

m lpw _,@m DG"-1 met 1 1)
h =— P = =h —— _<Nh 2.16).
nor|DG>1 q Popt’N DGN_l(DG- 1) 20 mn-l ( )

In both cases, hnor Will decrease as DG- 1 grows in absolute value, since each one
of the terms in the sum decreases, both in (2.15) and in (2.16). The optimum value
for hnor is therefore Nn®, and happens when gain, absorption and loss exactly cancel
out in each period. In other words, increasing the gain per period in order to increase
the overal device efficiency results in the peak optical power growing faster than the

photocurrent. Figure 2.4 shows this behavior.
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Figure 2.4: Simulated efficiency normalized to the peak optical power inside the device
() as the net gain per period changes. Also shown are the device external quantum
efficiency (b), and the peak optical power (c) normalized to the input power. The
coupling coefficient is assumed to be h.=50%. The results shown were simulated for a
device consisting of 6 periods, each one of them 50mm long, the isolation and detection
sections being 2nm and 4nmm long, respectively.

Note that, with the inclusion of a gain section first, both the peak power and the
efficiency increase by a factor G, resulting in the same value for the normalized
efficiency. Note finaly that, for traditiona passive detectors with optical

preamplification, h, can never be higher than 1.

We will now use the previously established equations to simulate the behavior of
TAP detectors with realistic values of gain, absorption and loss. In all calculations,
we will consider that the length of a period formed by a gain section, an absorption
section and the isolation sections in between is fixed at 50mm. This is necessary to

keep the effect of microwave reflections affecting the generated photocurrent to a
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minimum, up to frequenciesin the order of 100GHz, as will be discussed in chapter 3.
We will also assume that the length of each isolation region is kept to 2nmm, providing
an added loss of ~0.5dB per isolation section, resulting in an estimated value of
hi%=0.9. This is redlistic for state-of-the-art intermixing techniques [1]. The gain
sections will be assumed to have a quantum well (QW) based active region, with a
confinement factor of 15%, whereas the absorption sections will have a bulk active
region, with a larger confinement factor of 40%. The material absorption will be
taken to be 9000cm * (typical value for GaAs at 850nm wavelength [2]), and the
material gain between 2000 and 3000cm? (ibid.) (see, for example, [3] p. 172).
Finally, the background loss will be slightly overestimated, and assumed to be 20cm *

(see, for example, [3] p. 198). The input coupling efficiency will be set at 50%.

Given the constraint of fixed length per period, the effect of varying lengths for
the amplification and absorption regions will now be shown. Let us first consider
how the net gain per period is affected by the detection section length, as the material

gain variesin the range given above. This behavior isshown in figure 2.5.
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Materia gain g (cm 1)
Figure 2.5 Simulated net optical gain per period as a function of material gain, for
different absorption section lengths L,. The total period length is 50mm, and the
isolation section length is 2nm. The confinement factors are set to 15% and 40% in the
gain and absorption sections, respectively. The material absorption in the detection
section is 9000cm %, and the background loss is 20cm™t. 90% of the optical power

survives after passing through each isolation section. The horizontal dashed-dotted line
mar ks the exact compensation between gain, absor ption and lossin each period.

For typical values of material gain and confinement factors, we can deduce from
the previous graph that gain, absorption and loss will cancel out when the detector
length is kept around 4mm, i.e., about 1/10 of the amplification section length. 1t will

be shown in chapter 3 that this ratio also results in characteristic impedance close to

50W, and low microwave |l oss.

The efficiency of each individual detection section is also calculated, and shown

infigure 2.6.
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Figure 2.6: Simulated efficiency of each absor ption section as a function of itslength L..
The confinement factor is 40%, and the material absorption is 9000cm™*. The
background lossis 20cm™*.

The values obtained in the 2-4nm range are close to the 50% assumed above,

which are redlistic for absorption, amplification and loss to cancel out.

The total device efficiency is shown in figure 2.7, as a function of material gain
and for different number of periods. It may be observed that for absorption regions
longer than 4mm, the maximum efficiency quickly decreases for the same value of the
material gain, and does not grow significantly with the period number. Thisis due to
the fact that the material gain is no longer high enough to compensate for the
absorption. Note aso that, as the detection section length increases, the efficiency for

N=2 periods is much lower than for higher period number, even when the material



gain is small. This seems to indicate that the effect of the distributed amplification

and detection only shows itself after a minimum number of periods.

(N

< 10 <
8 8
= < 100
> >
©'1000 %)
5 B
= o
% 100 §S
5 5 10
& 10 @
=2 =2
o o
- -
c 1 c
g g
| gt
01 ! ! ! !
2000 2200 2400 2600 2800 3000 2000 2200 2400 2600 2800 3000
Material gain g (cm 1) Material gain g (cm 1)
8 2
< ‘ < \ \ \
P . La:4rrm <2 |L=5mm
) )
T 6 S
i) i
W S5 D
IS IS
2 4F =
8 8
= 3 S
O O
o o
c 2 c
ad o1 N=2-| 0
: ——— 05 ! ! ! !
2000 2200 2400 2600 2800 3000 2000 2200 2400 2600 2800 3000
Material gain g (cm™?) Material gain g (cm™%)

Figure 2.7: Simulated external quantum efficiency for a TAP detector with sequential
gain and absorption with detection section lengths of 2mm (top left), 3mm (top right),
4mm (bottom left) and 5mm (bottom right), as a function of material gain, and for
different number of periods N. The total period length is 50nm, and each isolation
section is 2mm long. The confinement factors are set to 15% and 40% in the gain and
absorption sections, respectively. The material absorption is assumed to be 9000cm™*,
and the coupling coefficient into the device 50%. 90% of the optical power survives
after passing through each isolation section.
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Some of the previous plots show efficiencies in the order of 100 or higher.
However, this would be realistic only for very low input powers, since the peak
optical power necessary for that high efficiency is also very large. Thisis illustrated
in figure 2.8, where the peak optical power inside the device, normalized to the input
power, is shown as a function of material gain, and for different numbers of periods,

in the case where the detection sections are 3mm long.

100

Peak power normalized to input power

2000 2200 2400 2600 2800 3000
Material gain g (cm’™)
Figure 2.8: Simulated peak optical power normalized to input power as a function of
material gain, and for different number of periods N. The total period length is 50mm,
and the absorption and isolation sections are 3 and 2mm long, respectively. The
confinement factors are set to 15% and 40% in the gain and absorption sections,

respectively. 90% of the optical power survives after passing through each isolation
section.

We can see how efficiencies in the order of 50 require a peak optical power about

100 times larger than the input optical power, which as mentioned above, is redlistic

46



only for very low input powers. This shows the importance of the normalized

efficiency, which was also simulated. The results are shown in figure 2.9.
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Figure 2.9: Simulated quantum efficiency normalized to peak power for a TAP detector
with sequential gain and absor ption with detection section lengths of 2mm (top left), 3nm
(top right), 4mm (bottom left) and 5mm (bottom right), as a function of material gain,
and for different number of periods N. The total period length is 50mm, and the
isolation sections are 2nm long. The confinement factors are set to 15% and 40% in the
gain and absorption sections, respectively. The material absorption is assumed to be
9000cm™*, and the coupling coefficient into the device 50%. 90% of the optical power
survives after passing through each isolation section.
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These graphs show how the highest possible normalized efficiency happens when
gain, absorption and loss cancel out (compare figures 2.9 and 2.5). It also shows, as
mentioned above, how devices with detection sections 3-4nm long produce best
results in terms of high efficiency without saturation for realistic values of material
gain.

In conclusion, in this paragraph the responsivity of TAP detectors with alternating
gain and absorption has been analyzed. External quantum efficiencies in the order of
10 are shown to be possible with these devices. A parameter has been presented, the
quantum efficiency normalized to peak power, which describes how efficient the
detector may be without incurring saturation, showing how values larger than one are
possible, as opposed to conventional passive detectors. Typical values of material
gain and absorption yield optimum performance with detection sections ~3-4nmm long

for devices with 50mm period length.

The efficiency of TAP detectors with transverse coupling will be studied next.

TAP detectors with transverse coupling

In the case of either lateral or vertical coupling, we may assume that the device
cross-section does not change along the direction of propagation of light. Therefore,
Gy, Gy, a and g may be assumed to be constant over the entire length of the device.
See figure 2.10 for a schematic representation of this situation. In consequence, Dg is
constant, and the solutions to equations (2.6) and (2.7) may be written, for a device of

length L, in the following form:
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Pt (2) = Ph.e" (2.17);

(2.18).

Figure 2.10: Parameters for the calculation of the efficiency in a TAP detector with
transverse coupling. The material gain g and absorption a of the amplification and
detection regions, respectively, are shown, as well as the confinement factorsin each of
them. Local optical power Pyy(2) and cumulative photocurrent | ,,(2) are also indicated.

We are mostly interested in the case where |DgL|<<1, so that the optical power
does not change significantly along the device. In this particular case, the following

approximation holds:

g Dol 6
ot gtz = 7 R G2 |_gi+ = (2.19).

The external quantum efficiency of the device may then be written in the

following form:

~hGalLF+D0L0 (2.20).

& 23

he><t|\Dg|_\<<1
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This number may be clearly more than 1 for long devices. The material
absorption a is usually in the order of Inm™. For arealistic confinement factor in the
absorption region, in the order of 5% (to alow for easy compensation of the
absorption by the gain) and a readlistic coupling efficiency of 50%, the external
quantum efficiency per unit of device length is approximately 0.025nm™. Thus, for a

device of 400mm, efficienciesin the order of 10 are possible.

When several modes are supported by the optical waveguide, not only the
coupling coefficient, but also the confinement factors in the absorption and gain
region will be different. This makes nearly impossible to balance gain and absorption
in al modes ssimultaneously. Therefore, for multimode devices, we cannot perform
simultaneously the previous approximations for all modes, and the equation that we
need to use for the total efficiency is

Pt -1
Dg;

heq =& e, Gaja (2.20),
i

where i belongs to a set of indices used to number the device-supported modes, and
h¢i, Gyi and Dg; are respectively the coupling efficiency, confinement factor in the

absorption region and net gain per unit length for the i-th mode.

Under these conditions, and after propagation over a long enough distance, one
mode will dominate over the rest, the one with highest value of Dg. In order to avoid
saturation of the amplifier, gain and absorption must be close to cancellation for that

mode. Thiswill result in most of the other modes suffering important net attenuation
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as they propagate along the device. Therefore, even in highly multimode devices, we
can expect important contribution to the photocurrent from just afew modes. For the
rest of the modes, we can assume that DgL is negative and large in absolute value.

The valid approximation for the photocurrent extracted from one of those modesis

Ga _q
S Rh. 2.22).
|nhc |m| h_] InhCGa+| G g m n ( )

The behavior of these modes can be compared to that of modes in a traditional
detector. Intuitively, this makes perfect sense, since we can neglect the effect of the
amplification region if the absorption is too large compared to the gain. If ther
confinement factor in the detector is large, these modes will survive only for a very
short distance (afew microns). The total device efficiency may be approximated by
the following formula:

ho :éi‘hC,iGa’ia LgH%?;éj.hC,j 2.23),
where the index i is used to number all the device modes for which gain and
absorption are close to cancellation, while the index j denotes all modes heavily
dominated by absorption. For long devices (L>100mm), we can predict that the first

term of the sum will nearly always dominate.

In the case of TAP detectors with vertical coupling, we can aso include, with no
additional fabrication complexity, an amplification section at the beginning of the

device, as shown in figure 2.11.
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Denoting the gain of thisinitial amplification region by G;, both the optical power
and the efficiency will be multiplied by G;. The price to pay for this higher
efficiency is, once more, saturation for lower input optical power. The maximum

unsaturated photocurrent, however, does not change a priori.

Figure 2.11: Schematic representation of a TAP detector with vertical coupling, with an
added gain section at the beginning of the device. The gain G; of the first amplification
region isindicated. Light propagation occursalongthe zdirection.

Similarly as in the case of TAP detector with aternating gain and absorption, we
may define an efficiency normalized to peak power, taking this time the highest
possible power along the device. The calculation is not, however, as straight-forward
as in the previous configuration, since modes may be present that will experience net
gain, reaching their maximum in the end of the device, and others may exist that
present heavy net attenuation, peaking at the input. The sum of their contributions
may therefore reach its maximum at some position that depends on the confinement
factors of each mode, the coupling efficiency into each one of them, and the material

gain and absorption of the amplification and detection region, respectively. The
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location and value of the maximum optical power is not easily calculated, but some
approximations may be made to estimate the normalized efficiency. We may ignore
the effect of heavily attenuated modes, since the trade-off between amplification and
efficiency is the main concern at this point in the discussion. Furthermore, we will
ignore all modes except the one with highest value of Dg, assuming that it is this one
that dominates overwhelmingly at z=L. Consequently, we will also ignore the
contribution to the total photocurrent by other modes, resulting in a normalized

efficiency of

| _ o DoL "
m_ T _ggl-® :GaLai-%; (2.24).

h =— =Ga
o g Rhe® ° Dg g

Q-0

This expression, as mentioned above, takes into account only the mode presenting
highest positive value of Dg. The approximation yielding the last expression is valid,
as aways, when |DgL|<<1. The normalized efficiency will never be higher than the
device internal efficiency, (compare (2.24) with (2.20)), and as we increase the gain
to produce larger photocurrent, the peak optical power once more grows faster than
the efficiency, resulting again in optimum performance for zero or very small net

optical gain per unit length.

In the case where no mode experiences net gain, the peak power will happen for
Zz=0, resulting in a normalized efficiency identically equal to the internal quantum

efficiency, which will be always lower than in the case where constant optical power
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is achieved along the device. The optimum normalized efficiency happens again

when amplification, absorption and loss exactly compensate.

In the case where a gain section is included in the device first, as shown in figure
2.11, and since both the peak power and the efficiency are multiplied by the gain G;

introduced by that section, the efficiency normalized to peak power will not change.

We will now use the previous expressions to calculate the efficiency for TAP
detectors with transverse coupling given realistic geometric and material parameters.
First of all, we will assume that only one mode exists, that exhibits larger overlap
with the amplification region than with the absorption region. This overlap will be
assumed constant along the device. Since the mode needs to extend over arelatively
large (~1mm at least) vertical or lateral distance to have significant overlap with both
regions, we may assume that the sum of the confinement factors in both is limited to
25%. Other modes will be assumed to suffer net attenuation large enough for the
power contained in them to be considered negligible after a short (~10nm) distance of
propagation. Their contribution to the photocurrent will be thus neglected at this
point. The material absorption that will be used is 9000cm ™, and the material gain
will be allowed to vary between 2000 and 3000cm %, both values being typical for
GaAs at 850nm wavelength. The input coupling coefficient into this mode will be

assumed to be 50%, and the background optical loss 20cm ™.

Using the previous values, figure 2.12 shows the net modal gain per unit length

for different ratiosr between gain and absorption modal confinement factors:
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Figure 2.12: Simulated net modal gain for TAP detectors with transverse coupling as a
function of material gain. r=G/G, istheratio between the modal confinement factorsin

the gain and absorption regions. The sum Gy+G, is kept equal to 25%. The material
absor ption in the detection region is 9000cm*, and the background loss 20cm™*.

For realistic values of material gain, cancellation between gain, absorption and
loss is possible for gain moda confinement factors about 4 times larger than
absorption modal confinement factors. Figure 2.13 show the calculated efficiency as
a function of material gain in the amplification region, for different device lengths

and ratios between gain and absorption confinement factors.

Note that the efficiency seems to be always quite smaller for the case L=100mm

than for the rest. Similarly as in the case of TAP detectors with alternating gain and

55



absorption, there seems to be the need for a certain device length so that the effect of

the distributed amplification and absorption may show itself.
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Figure 2.13: Simulated external quantum efficiency of TAP detectors with transverse
coupling as a function of material gain, for different device lengthsL. The values of the
ratio between the confinement factorsin the gain and absor ption regionsr =G/G, are 2.5
(top left), 3.25 (top right), 4 (bottom left) and 4.75 (bottom right), while G+G,=25% for
all the plots. The material absorption in the detection region is 9000cm™*, the
background loss 20cm™ and the coupling efficiency 50%. All vertical scales are
logarithmic except for thetop left plot (r =2.5).
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As shown in figure 2.13, very high efficiencies (in the order of 1000 or more)
may be achieved by TAP detectors with transverse coupling. However, for those to
be possible, the peak optical power inside the device needs to be several orders of
magnitude higher than the input optical power, as shown in figure 2.14, for the case

where G;=20%, G:=5% (r =4).

100 |-
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Figure 2.14: Simulated peak optical power inside a TAP detector with transverse
coupling, normalized to input power, as a function of material gain, and for different
device lengths L. The confinement factors in the gain and absorption region are,
respectively, G=20% and G=5%. The material absorption is 9000cm* and the
background loss 20cm™*. The coupling efficiency is h;=50%.
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Figure 2.15: Simulated efficiency normalized to peak power for TAP detectors with
transver se coupling as a function of material gain, for different device lengthsL. The
values of the ratio between the confinement factorsin the gain and absorption regions
r=GJ/G, are 2.5 (top left), 3.25 (top right), 4 (bottom left) and 4.75 (bottom right), while
G+G=25% for all the plots. The material absorption in the detection region is
9000cm *, the background loss 20cm™* and the coupling efficiency 50%.

It is therefore very useful to calculate also the efficiency normalized to peak
power, shown in figure 2.15. As described above, the normalized efficiency is largest

for values of gain that produce constant optical power along the device, reaching
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values well over 10. It aso shows how a ratio between 3 and 4 between modal gain
and absorption confinement factors is advisable for optimum results. Finaly, it aso
shows how a relatively large difference exists between devices that are 100nm long
and longer devices. It will be shown later in this dissertation how bandwidth and
noise requirements, as well as competition between ASE and signal for the available
gain, limit the useful device lengths to a maximum of 300-400mm, resulting in

optimum device lengths between 200 and 400mm.

In conclusion, the efficiency for TAP detectors with transverse coupling has been
analyzed in this section, obtaining equations that allow its calculation. It has been
shown how, for realistic values of material gain and absorption, external guantum
efficiencies well over 10 are possible. From those simulations, it may be concluded
that, for optimum trade-off between efficiency and saturation, a ratio of 3-4 is
necessary between gain and absorption modal confinement factors, which we may use

asadesign rule for TAP detectors with transverse coupling.

This chapter has dealt up to now with the efficiency of TAP detectors, assuming
that signal amplification and absorption are the only phenomena happening in the
device. In the next paragraphs, non-idedlities arising in TAP detectors will be
described. Specificaly, background current, and competition between amplified

spontaneous emission (ASE) and signal for the available gain, will be analyzed.
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Background current

Even in the absence of an optical input, and independently of it, there are three
main mechanisms that generate current flow in the detector. One of them is the
current of the reversed-biased absorption regions. This current is typically much
smaller than 1mA. Another source of current is the imperfect electrical isolation
between gain and absorption diodes. Because of the amplification sections being
forward-biased, and the absorption sections reverse-biased, we can expect a large (5-
10V) voltage difference between their contacts. Even for good electrical isolation
(10MW), this trandates into a current flow of ~1mA. This alows us to neglect the
effect of the reverse current of the absorption diode. A final source of current is the
absorption in the detection sections of amplified spontaneous emission (ASE) and
spontaneous emission generated in the gain sections. We will denote them
respectively by lass and Iy These two contributions will be referred to as ASE
current and spontaneous emission current, and will be shown to produce the chief
contribution of the background current. We will refer to the contribution of all other
effects, which do not involve the generation or absorption of light, as dark current,
and denote it by lgark. The sum of the ASE current, spontaneous emission current and

dark current will add up to the total background current .

In the next sections, the different contributions to the background current will be

studied.
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Dark current

In this section, the dark current associated to the reverse bias detection diode will
be neglected, since it may be assumed to be much smaller than the contribution due to
the imperfect electrical isolation between gain and absorption regions, as argued

above.

The mechanism of generation of dark current due to imperfect electrical isolation
between gain and absorption regions varies between the TAP detector configurations.
In the case of a TAP detector with aternating gain and absorption, its origin will be
conduction between the gain and absorption regions through the remaining of the top
cladding, and the intrinsic active region or separate confinement heterostructure
(SCH) in the isolation sections. In TAP detectors with lateral coupling, the dark
current is generated in a very similar manner, through conduction in the intrinsic

region of the optical waveguide. Thisis schematically represented in figure 2.16.
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Figure 2.16: The origin of the main contribution to the dark current in TAP detectors
with alternating gain and absorption (top) and with lateral coupling (bottom) isrelated
to conduction through the isolation region. The dashed lines represent the desired bias
current flow. The full lines represent the stray current through the isolation regions
that addsto the dark current. Light propagation in the deviceisleft toright or right to
left in the TAP detector with alternating gain and absorption represented, and
perpendicular to the plane of the figure for the TAP detector with lateral coupling. The
contacts are labeled with the function that they perform, i.e., gain for the amplification
diode contact, absorption for the detection diode contact and ground for the common
contact.

The actua magnitude of the dark current will vary with the exact epilayer
structure and the bias applied to the device. In TAP detectors with alternating
amplification and absorption, the total resistance between gain and detection
electrodes will be roughly the parallel of 2N resistances of very close value, each one
of them representing the resistance between an amplifier and each one of its closest
neighboring detector. In the case of TAP detectors with lateral coupling, the total
resistance will be inversely proportional to the device length, or the dark current will

be proportional to the device length. Therefore, when gain and absorption are close
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to cancellation, the ratio between efficiency and dark current will be mostly
independent on device length or number of periods, for TAP detectors with lateral

coupling or alternating amplification and absorption, respectively.
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Figure 2.17: The origin of the dark current in TAP detectors with vertical coupling is
the leakage of carriers through the middle cladding. Left: Cross-section of a TAP
detector by a plane perpendicular to the direction of propagation of light. The dashed
arrow representsthedesired current flow. Thefull linerepresentsthe current flow that
will contributed to thedark current. Right: equivalent circuit of the parasitic transistor,
assuming that top and bottom claddings ar e p-type doped, and the middle cladding is n-
type doped, as indicated in the device cross-section. The transistor terminals and the
TAP detector contacts are labeled with the same name for clarity.

In TAP detectors with vertical coupling, there is not a direct path for current to
travel from the amplifier to the detector contact without passing through both the
amplification and absorption diode. The presence of alternate claddings, p- and n-
doped, gives rise however to a parasitic transistor, where carriers injected into the
amplifier region from its bottom cladding that are not captured in the quantum wells
may leak through the middle cladding. The reverse bias applied to the absorption
region will then capture those carriers, generating current in the detector. In fact, the

result is equivalent to that of a parasitic transistor, where the emitter, the collector and
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the base are the bottom, top and middle cladding layers, as schematically represented

infigure 2.17.

For devices of equal width but different length, the injected current per unit area
necessary to achieve the same net gain per unit length will be roughly the same,
leading to a very similar leak current per unit area, or a dark current that will be also
proportional to the device length. The effect of the parasitic transistor, and more
specifically how to avoid or decrease is effect is important enough, however, to

perform amore detailed analysis. Thisstudy is carried out in the next paragraph.

Parasitic transistor in TAP detectors with vertical coupling

The effect of the parasitic transistor appearing in TAP detectors with vertical

coupling, shown in figure 2.17, will be analyzed in this section.

The usual operating point for this transistor is described by the emitter-base diode
(amplifier diode) being forward-biased, while the collector-base diode (detection
diode) is reverse-biased. Under these conditions, majority carriers in the emitter
(lower cladding) are injected into the intrinsic material (active region) of the emitter-
base diode (amplifier). We may assume that those who do not recombine in this
intrinsic region will reach the base (middle cladding), and either recombine there
through dielectric relaxation, or reach the base-collector diode (detection), as shown
in figure 2.18. The emitter-base diode current may therefore be found as the sum of
three contributions. One is the recombination current in the amplifier diode intrinsic

region. This includes the recombination in the quantum wells (radiative or not) and
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in the separate confinement heterostructure (SCH). Another one is the current due to
carriers injected from the bottom cladding into the middle cladding, and diffusing
there as minority carriers. Similarly, there is a diffusion current of carriers injected
from the base into the emitter. The leakage current, contributing to the base-collector
current, will be generated by the diffusion of some of the minority carriers injected

from the bottom cladding into the detection diode.

emitter base collector
(p-doped) (n-doped) (p-doped)
‘]p (@) ‘]Ieak_)
J
«®
Jamp \
amplifier I detector
(intrinsic) (intrinsic)

Figure 2.18: Currents in the parasitic transistor for TAP detectors with vertical
coupling. Four contributions are identified in the figure, which shows the particular
case where emitter (top cladding) and collector (bottom cladding) are p-type doped,
while the base (middle cladding) is n-type doped. Minority carriers (electrons,
represented by a full dot, and holes, represented by an empty dot) are injected into the
base and emitter from the emitter and base, producing respectively vertically-traveling
current densities J, and J,. These minority carriers either recombine in or diffuse
through the emitter and base, respectively. Electron-hole pairs recombine in the
intrinsic region in the amplification (emitter-base) diode, giving raise to a recombination
current density Jamp. A fraction of the carriersinjected from the bottom cladding diffuse
through the middle cladding and reach the detection diode, giving raise to the parasitic
leakage current density Jie. Thelatter isthe contribution from the parasitic transistor
to the background detector current. The space-charge region of amplification and
detection diodesis assumed to approximately coincide with theintrinsic regions.

In order to perform an analysis of this transistor, several assumptions may be
made. First, we will consider that no minority carriers are injected into the top or

middle cladding from the middle or top cladding, respectively, since the detection
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diode is reverse-biased. For the same reason, we will assume that all minority
carriers diffusing through the base and reaching the detection diode will contribute to
the detector background current through the leakage current density Jiex. We will
furthermore assume that this leakage current is the only contribution from the
parasitic transistor to the detector background current, the rest of the dark current
being accounted by the typical reverse current of the diode in the case where the
amplifier diode would not be present. The minority carriers traveling through the
base may be assumed to diffuse, rather than drift through it. Finally, the space-charge
region of the amplification and detection diodes will be assumed to coincide with the

intrinsic layersin the device.

As it is customary, currents entering the transistor through the emitter, base and
collector contacts will be denoted by Ig, Ig and I¢, respectively. If A is the cross-

sectional area of the active region through which current flows vertically, we find

le = A(Jgmp + 30 +3,) (2.26),
Ig == A(Jamp + In - Jieak +Jp) (2.27),
le =- A (2.28).

The bias current for the amplifier is obviously Inias=le. The contribution from the
parasitic transistor to the background current of the detector is given by Ic. The most
interesting result from a study of this transistor would be the ratio || /lg|, which would

describe the fraction of the bias current that contributes to the detector background
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current. Let us now therefore write relations between the different current

contributions.

The recombination current from the active region has, as aforementioned, two
components. One is given by the recombination in the quantum wells (denoted by
Jow) and the other by recombination in the SCH (which we will cal Jsc). The
injection efficiency h; of an amplifier diode or alaser diode is typically defined as the
fraction of carriers in the bias current that are captured and recombine in the active

region, meaning by that the quantum wells. We can therefore write

_hile _ b
A 1-h

(Isch +3n+3,) (2.29),

where JQ\/\/‘"J&H :Jamp-

The recombination current in the SCH may be written as:

Json = W' tpSCH (2.30),
SCH

where pscy IS the hole concentration in the SCH at the operating point (assumed
similar to the electron concentration), and tscy is the carrier lifetime in the SCH,
which includes the effect of all types of recombination processes. Wgcy iS an
effective thickness of the SCH, defined to compensate for possible position-

dependent variations of electron and hole concentrations inside it.

The minority diffuson currents are usually found under one of two

approximations, the so-called long-base and short-base approximations (see for
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example [4], pp. 235-9). The choice of the approximation requires knowledge of the
carrier diffusion length. The distance they need to travel needs also to be known, i.e.,
the distance between the active regions of amplifier and detector diodes for the
minority carriers injected into the base, and the distance between the amplifier diode
active region and the bottom contact for the minority carriers injected into the emitter.
The latter will be in the order of a few microns, whereas the former may be assumed
to be in the 0.5-1mm range. At relatively high dopant concentrations (10"%cm %), the
diffusion lengths may be estimated to be in the order of 0.5nm for holes, 1mm for
electrons (see for example [5], p. 298). The minority carrier diffusion current in the

emitter may then be approximated in the long-base picture, leading to

n E2 e 0§
J,=0D,——¢ek -1+ (2.31),
I\IAI—n g

where D, is the diffusivity of electrons, n;g the intrinsic carrier concentration, Na the
acceptor concentration and L, the diffusion length of electrons, all of them defined in
the emitter. The diffusion length L, is given by the relation L,?=Dyt,,, Where t, is the
minority carrier lifetime in the emitter. Vgg is again the emitter-base forward bias

applied to the amplifier diode.

This long-base approximation will not, in general, be valid in the base, because
the base length is not necessarily much longer than the minority carrier diffusion
length in it. The short-base approximation assumes, in its simplest form, that the

excess hole density is linear in the base, decreasing from its maximum value at the
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edge of the emitter-base diode space-charge region to 0. We will call x=0 and x=wg
respectively the edges of the emitter-base and collector-base diode space-charge
regions and the base. In a short base approximation, we find that Jex and J, are

approximately equal, and given by the following relation:

2 qV m

d n o Shukd=:1 O

e = Jp =- qud—z = qopﬁée 1 (2.32).
2

In a long-base approximation, the hole concentration decays exponentially from
its value a x=0, due to recombination and diffusion, resulting in the following

approximation:

We ni,E2 e pdVe  §

Jeax = Jp€ " =0D,, e cekl -1+ (2.33).
NALp é p

The hole diffusion length L, satisfies the relation L,°=Dyt,, where t, is the

minority carrier lifetime in the base.
In a short base approximation, inserting (2.29), (2.30), (2.31) and (2.32) into

(2.26) and (2.28), we may find

le (- hy)

~ ) (2.34).
le 1+ LnWs Np g™ tp wWeW'sy NpPscy
2 2 VEB
by Ly Nang? ta L7, %
Nge

In along-base approximation, we may use (2.33) instead of (2.32), leading to
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- - (2.35).
+t7pi Np Me Uy Wy NpPsoy
2 Ve
thbp Nang™ teow Lp 507
i B

In TAP detectors with vertical coupling, the middle cladding may be assumed
heavily doped for good lateral electrical conduction of the amplifier diode bias
current. As mentioned earlier, its thickness is in the 0.5-1nm range, for optimum
optical coupling between amplifier and detector, and once again for good lateral
conduction of the amplifier bias current. Therefore, we may assume that the base
thickness and the hole diffusion length will be, in principle, in the same order of
magnitude. It is easy to see that, except for the exponential factor in the numerator,
(2.34) and (2.35) are identical when ws=L,. We may thus assume that (2.35) is, at
least from an intuitive point of view describing how the different device parameters
affect the leakage current, a good approximation of the ratio between the transistor

contribution to the total detector background current and the amplifier bias.

Let us now anayze the different factors that appear in equation (2.35) and how
they affect the leakage current, specifically in terms of comparing a TAP detector

with atraditional transistor.

In traditional transistors, the base is usually kept very thin. The intuitive reason
for such a design is to alow most of the minority carriers injected from the emitter
into the base to diffuse through it and reach the collector. As expressed in the short-

base approximation, this leads to the exponential in the numerator being very close to
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1. In TAP detectors, the exponentia factor is thus smaller than one, and may be

typically found in the 0.1-0.5 range.

The term in the denominator comparing the minority carrier currents from base to

emitter and from emitter to baseis

2
tp Lo No e

(2.36).
th Lp Na ni,Bz

In a short-base transistor, this term is multiplied by the ratio we/L,, which is much
smaller than 1. Adjusting the material and the doping concentrations in base and
emitter allows further reduction of this term. In TAP detectors, the amplifier bias
current travels laterally through both top and middle cladding, usually resulting in
these layers designed to present high doping concentrations, which may be
furthermore assumed to be comparable. The material used will also be similar in both
claddings (e.g., 20% AlGaAs in GaAs-based TAP detectors and InP in InP-based
devices), allowing us to assume that n; g and n; g will be very close to one another, and
similarly so will t, and t,. Finaly, the electron and hole diffusion lengths are found,
under these assumptions, to be in a ratio in the range between 2 to 1 and 5 to 1.
Therefore, even if careful bandgap engineering leads to the value expressed in (2.36)
being very small compared to 1 in traditional n-p-n transistors, this value will be in
the 1-10 range for p-n-p TAP detectors, and in the 0.1-1 range for n-p-n TAP

detectors.
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In traditional transistors, quantum wells do not exist between emitter and base,
leading to the 1- h; term in the numerator to be identically 1. In TAP detectors, for
optimum performance, this injection efficiency needs to be high. This results, as a
bonus, on a lower leakage current. Simulations presented later in this chapter will
show that the injection efficiency for TAP detectors fabricated in GaAs may be

estimated to be, in theory, about 50%. We can then approximate 1- h; as 0.5.
The final term in equation (2.35) results from comparing the SCH recombination
current and the minority hole diffusion current in the base, and is written as

tp W'sy NpPsey - Up W Pson (2.37)

ten Lp quVTEB tew L, P(0)
Ng€

where p(0) is the minority hole injected into the base at its interface with the space-
charge region. This number will be always lower than the hole concentration in the
SCH, and their ratio will be larger as the confinement improves. In fact, good
confinement may even result in pscy being orders of magnitude larger than p(0).
Furthermore, W'sch/L, may be assumed in the order of 1, since both lengths may be
assumed to be in the order of 0.5mm. Finaly, the hole lifetime in the SCH may be
assumed smaller than in the base. In fact, for high injection and good confinement,
spontaneous emission from recombination of electrons and holes in the SCH may
result in t ch<<tp, i.e., avery small ratio between the leakage current and the injected
current. Therefore, good confinement of carriers in the SCH, desirable for optimum

TAP detector performance, results also in a much larger recombination current in the
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SCH than minority carrier diffusion current in the middle cladding, significantly
reducing the leakage current. The term expressed in (2.37) may therefore be made
more than an order of magnitude larger than 1 through appropriate confinement. In
traditional transistors, the SCH itself does not exist. However, a current contribution
isin fact generated by recombination in the space-charge region between emitter and
base. But the thickness of this region is in genera much smaller than 1nm.
Furthermore, a lack of confinement results in the carrier concentration in this space-
charge region and the minority carrier concentration injected into the base being
approximately equal. More importantly, this term is multiplied by the ratio we/Lp in a

short-base approximation.

As a summary of the previous discussion, it has been shown that in traditional
transistors with a short base, especialy those with an n-p-n configuration, the ratio
between collector and emitter currents may be made smaller than, but approximately
equal to 1. However, in TAP detectors, this ratio may be made very small, especially
through an improvement in the injection efficiency and in the confinement of carriers
in the amplification region SCH. When the middle cladding doping is high, the base
thickness is in the order of the hole diffusion length, resulting in further degradation
of the TAP detector performance as a transistor, i.e., a reduction in the detector
background current. In general, p-n-p TAP detectors will also present lower leakage
currents than n-p-n devices. The conclusions of the previous discussion will be

supported by the experimental evidence in later chapters of this dissertation.
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As a summary for this entire section, we can conclude that, for TAP detectors
with alternating gain and absorption or with lateral coupling, good electrical isolation
between gain and absorption contacts is necessary. Otherwise, the ratio between
efficiency and dark current will severely reduce the range of input optical powers for
which these devices may be useful. However, etching through the active region may
result in optical reflections between sections in TAP detectors with alternating gain
and absorption, and in important scattering loss in both cases. Furthermore, ion
implantation, which may be used to turn conducting or intrinsic semiconductor into
semi-insulating material, will create heavy optical loss due to increased absorption.
Therefore, elaborate isolation schemes will be necessary, possibly including
regrowth, selective quantum well intermixing, or both [1]. In the case of TAP
detectors with vertical coupling, leakage of carriers through the middle cladding
needs to be inhibited. This may be achieved through a combination of good electrical
confinement in the amplification diode, together with the use of p-doped top and

bottom claddings, and n-doped middle cladding.

ASE current

In this section, the background current generated by detection of amplified
spontaneous emission generated in the gain region will be studied. This contribution
to the total background current will be called “ASE current”. It will be first shown
how that current may be calculated in the case of a generic amplifier-photodetector.
This calculation procedure will be then applied to the different TAP detector

configurations studied in this dissertation.
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As discussed in appendix A, the accurate description of ASE generation inside an

SOA requires the use of the following equation:

dpget (ZN) .
__%é__zzg%goﬁ"H%m(L”Y”“Gaimin) (2.39),

where post(n) is the optical power spectral density at frequency n, and rgem is the

stimulated emission rate normalized to the optical intensity, defined by

mn
&mmpEﬁ%—l (2.39),
P 9

where Rgem(hn) is the stimulated emission rate per unit volume and time at energy
hn, N, is the photon concentration per unit volume and vy the group velocity.
Defining in a similar way the stimulated absorption rate normalized to the optical

intensity, r«an, the material gainis given by their difference:

g(n)=rgem(n)- ra,a(n) (2.40).

The gain and the stimulated emission rate normalized to optical intensity may or

may not be position dependent.

In TAP detectors, not only the ASE that propagates together with the signal needs
to be considered, but also the backward-traveling ASE, since it also contributes to the
background current. At first approximation, we can consider that the ASE current in
a TAP detector will be the sum of two currents. These are the background currents of

two TAP detectors where light propagates only forward, one with input at z=0 and

output at z=L, and another with input at z=L and output at z=0. The problem is thus
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simplified to finding the current generated by the ASE propagating in one direction in
a TAP detector, calculating it for the two “virtual” devices described above, and then

adding both contributions.

In a TAP detector, and for the purposes of light amplification, absorption of light
in the detector region may be considered as optical loss. Therefore, equation (2.38)

may be rewritten as

dpo Zn A X
% =85,9(n)- Ga(n)- 14y (z0) + MGty en(n) 5 11y

=Dg(n) popt (2) + MGyl em (N)
where | is now the pure optical loss due to events such as light scattering or free
carrier absorption. The total ASE power Pas=(2) may be calculated at any position by
solving with the initial condition pop(0,n)=0, and then integrating popt(z.n) over the

amplifier bandwidth:

Pace (2) = Pyt (2 ) dn (2.42).

The ASE current generation equation is a modification of (2.3):

di o (2) _
dz

zn
a2 (n) % dn (2.43).
The integra is performed over the bandwidth of the amplifier, in order to take
into account the contribution from ASE generated at al wavelengths. The

confinement factor and the material absorption may or may not be position

dependent. Note that (2.42) and (2.43) describe the contribution of the forward
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traveling ASE only. The contribution from the backward propagating ASE will be

calculated in asimilar fashion.

The formalism presented up to now will next be used to find the ASE current in

the TAP detector configurations studied in this chapter.

ASE current in TAP detectors with alter nating amplification and absor ption

The ASE photocurrent in TAP detectors with aternating amplification and
absorption will be calculated using the assumptions under which the efficiency was
derived. Thus, the material gain and absorption will be assumed to be constant in the
amplification and detection regions, respectively, and all sections performing the
same function will be assumed to be identical to one another. Under these
assumptions, the ASE power density may be calculated easily by turning the
differential equation (2.41) into a recursive relation. This is achieved by integrating

the differential equation over one device period:

Pase na (n ) =DG (n ) PasE n (n ) +hig pASE(l) (n ) (2.44),

where pasen(n) is the ASE spectral power density arriving to the n-th detector and
pase?(n) is the ASE spectral density generated by each individual amplification
section. The latter may be calculated by integrating (2.41) and (2.42) over one gain

section:

pac (n) = Cylsem () el Gaaln)-1)Ls 13 (2.45).
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The initial condition for (2.44) depends on whether the first section provides
amplification or detection. In the latter case, we obviously encounter pass1(n)=0.
Otherwise, the value of pass1(n) may be calculated by using an equation totally
analogous to (2.45), but using the parameters describing the first amplification
section, which may be different than the rest. The frequency-dependent net gain per
period DG(n) in (2.44) is just the straightforward generalization of the net gain per
period defined in (2.8), for any frequency in the amplifier bandwidth, taking into
account the frequency dependence of material gain and absorption. Thus we find, for

n>1:

DG(n)"*-1

DG(n)-1

-1

Pasen (M) =DG(N)"" Pases () +higo pASE(l) (n) (2.46).

The total ASE power is calculated by integrating the previous result over the

amplifier bandwidth.

It is interesting at this point to study the evolution of the ASE along the device,
comparing it to the evolution of the signal. For simplicity, we will use for this
comparison a flat-band approximation. In such an approximation, the amplifier gain
and spontaneous emission are supposed to have a constant value over its optical
bandwidth Dn,, leading to

n-1
mBG -1

6.1 (240,

Pasen = DGn-lpASE,ano +hig Pase

where Pass is the ASE power arriving to the n-th detection section.
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The first term in the RHS of (2.47) represents the contribution to the ASE made
by the first amplification region. The second term represents the effect of the ASE
generated by all other gain sections. Figure 2.19 shows the evolution of the ASE
generated by all sections except the first one, i.e., the evolution of ASE in a device
where the first active section provides absorption. The ASE power may be
normalized to the ASE power produced by each single amplification section,
independently of the ASE arriving to it from other gain sections. Thisway, the effect
of the net gain per period and the number of sections may be better appreciated. The
normalized ASE power plotted in Figure 2.19 is thus defined as:

Pasen _ DG"'-1
hiso pASE(l)Dno DG-1

(2.48).

When the net gain is very small (DG<<1), the normalized ASE power arriving to
each detection section may be approximated by 1+DG. Intuitively, if the absorption
and loss overwhelm the gain, each detector is going to receive the contribution from
the previous two amplification sections; the effect of any other gain section is
severely diminished by the net loss present in the device. When DG iscloseto 1, the

normalized ASE arriving to each detector section may be approximated as.

=n- 1+§""2 %ps-1) (2.49).
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To the first order, the ASE arriving to each detection section is linear with the
position of that section, increasing along the device. Finaly, if DG>>1, the change is

exponential, i.e, the ASE, just like the signal, grows very rapidly along the device.
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Figure 2.19: Simulated ASE power arriving to the n-th detection section, normalized to
the ASE power generated by each individual amplification section, as a function of the
net gain per period DG. Thefirst section of the deviceisassumed to provide absor ption,
i.e.,, no contribution to the ASE from an initial gain section istaken into account.

It is very interesting therefore to define the ratio between ASE power and
amplified signal power arriving to each detection section. Calling Pgyn the
contribution from the signa arriving to each detector section, defined by equation
(2.9), and taking into account the effect of the first amplification section through its
gain G, we can easily find:

P Dn, 4
ASE.n _ (o] QpAgg,l-i_hiSOpASE(l)kOpt (DG’n)

= 2.50),
I:)opt,n thlHn € ( )

oc
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where the parameter Kqp(DG,n) is defined as

DG™!-1
kOpt (DG, n) = m (251)

Note that nowhere else in (2.50) do DG or n appear. It contains thus all the
information about how the number of sections and the net gain per period affect the
ratio between ASE and signal power arriving to each detection section. This
parameter will be referred to as the ASE optical power generation coefficient.
Intuitively, it is the ratio between the ASE power and the signal power arriving to
each detection section, normalized, the former to the ASE power generated in each
individual amplification section, and the latter to the input power coupled into the

device and amplified by the first gain section. Itsevolution is shown in figure 2.20.

It can be observed that, when the net gain per period becomes less than 1, the
ASE very quickly becomes much larger than the signal, especially for sections far
away from the input. This is due to the fact that the signal decays very rapidly, but
the ASE arriving to each detection section is kept nearly constant by the immediately
preceding amplification section. When DG is much larger than one, both the signal
and the ASE increase exponentialy, leading to a much lower ratio between them,
which is also nearly constant for al sections. When the signal barely changes from
period to period, the ASE increases linearly along the device, thus leading to a ratio
that increases also linearly with the number of sections. Obviously, the best signal to

noise ratio will be obtained for very high values of the net gain per period. This,
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however, defeats the purpose of TAP detectors, leading to a behavior similar to that
of atraditional photodetector with preamplification. This becomes obvious when we
consider that, in this particular case, most of the photocurrent is generated only in the

last absorption sections of the device, where the optical power islargest.
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Figure 2.20: Simulated ASE optical power generation coefficient as a function of the net
gain per period, for different detection sections. Intuitively, this parameter represents
the ratio between the ASE power and the signal power arriving to each detection
section, the former normalized to the ASE power generated in each gain section, the
latter to theinput optical power coupled into thedevice. Thefirst section of the deviceis
assumed to provide absorption, i.e, no contribution to the ASE from an initial
amplification section istaken into account.

Note finally that the value of the net gain per period and the ASE generated in
each amplification section are not fully independent on one another, since both
depend on the stimulated emission rate in the gain section. However, small relative
changes in the material gain in the amplification region, and thus small changes in the

ASE produced by one section, may result in large relative changes of the net gain per
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period. In that sense, the ASE optical power generation coefficient, if not exact, is
still a very good approximation of the evolution of the ratio between ASE power and

signal power along a TAP detector.

We can now calculate the ASE current produced in a TAP detector with
aternating gain and absorption. At this point, we will restore the generality by
returning once more to the frequency-dependent ASE power spectral density, as
expressed in equation (2.46). The frequency-dependent efficiency of each section,
h®(n), may also be defined through (2.10), using frequency-dependent material gain
and absorption. The total ASE current for a device featuring N periods is then

calculated by summing the contribution from each detection section:

= qip® (n) AL m)BS() -1y, (2.52).

%) pASEr:) (h)DG(n)" - 1- N gD(z(n)- W,
€0G(n)- 1y
The sub-index fwd is added to the ASE current to signify that this is the
contribution made only by the forward-propagating ASE. Assuming that the last
section of the device provides absorption, the description of the backward-traveling
ASE isidentical to the forward-propagating ASE, removing the contribution from the

first amplification section. The total ASE current is given by
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Paga(n) DG(n)N -1

'ASE:qﬁ‘(l)(n) m DGn)-lOln
. , ) (2.53).
+ZQG‘isoh(l) (n) pASE( ) (n) DG(n)N -t @Di(n) 1EIdn
m €G(n)- 1§

By comparison of the first term in the last member of (2.53), and (2.12), we can
see that the effect of a first amplification section is equivalent to that of having an
extra input of ASE with spectral density passa(n), coupled with 100% efficiency.
This result is intuitively obvious given the device configuration. When the net gain

per period is 1, we find

Pase1 (n ) d

|ASE|DG(n):1: Nq@(l) (n) - n

(2.54).

EN(N- D) chig (n)%dn

This is an intuitively very clear result: when the net gain per period is exactly 1,
the ASE current is given by the absorption in each one of the detectors of the ASE
produced in the first amplification region, and the ASE produced in each one of the

other N- 1 amplification sections. Thisis schematically represented in figure 2.21.

The interesting conclusion to be drawn is that, when gain and absorption are close
to mutual cancellation, the ASE current increases more rapidly with the number of
sections (with a quadratic dependence) than the efficiency (linear with the number of
sections). This sets a limit to the number of sections that may be effectively used
before the background current limits the device performance. It also constitutes the

first penalty that we encounter to the use of distributed amplification and absorption.
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A trade-off needs therefore to be established between the tolerable amount of
background current and the desired efficiency. Equation (2.54) is aso afirst intuitive
symptom that the noise figure will vary roughly proportionally to the efficiency,
establishing also a trade-off between these two device parameters. This trade-off will

be discussed later on.
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Figure 2.21:. Each amplification section generates forward- and backward-traveling
ASE, represented by wiggly arrows. When the net gain per period is equal to one, the
amount of ASE that arrives to each detector is N- 1 times the ASE generated by each
amplification region in each direction. The detector will receive contributions from
forward-traveling ASE generated in the gain sections before itself, and from backwar d-
traveling ASE generated in gain sections after itself, as represented by the dashed
arrows.

A parameter of interest which can be defined to evaluate, not only the trade-off
between the ASE current and the efficiency, but the effect that the gain and the
number of periods has in it, is the ratio between ASE photocurrent and the
photocurrent due to the input signal. Given the complexity of equation (2.53), we
will now perform again a flat-band approximation before going any further. This

simplifies the equation describing the ASE current:

®Uon, ¢ DGM-1 DG - 1- N(DG- 1)U
I ase :%gpASE,l—_l"'misopASE Y (2 )l;' (2.59).
o 8 (DG-1) i
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With this approximation, the ratio between ASE photocurrent and signal

photocurrent may be written as

lae _ DNy g (1) )
£E = & +h, k DG,N)Y 2.56),
I NGP, &Pase 1 TNiso Pase atec ( )u (2.56)

where we have defined the ASE current generation coefficient, Kegec(DG,N), as

DG" - 1- N(DG- 1)
(oG - 1)(pG- 1)

Kgec (DG, N) =2 (2.57).

Note that the gain per period and the total number of sections do not appear in
(2.56) except through the parameter Keec. The first term in the square brackets in
(2.56) represents the effect of the ASE generated in the first amplification section.
The effect of that first amplification section is equivalent to that of a preamplifier
before a traditional photodetector, adding ASE power that will be detected later with
the same efficiency as the input signal itself. The second term describes the effect of
the distributed amplification and photodetection in the background current. The ASE
current generation coefficient represents therefore the ratio between the ASE current
generated in the device and the signal photocurrent, the former normalized to the ASE
optical power generated in each amplification region, the latter to the input optical
power coupled into the device. Kaec IS thus a good measure of how the distributed
combination of gain and absorption contributes to generate background current
through detection or ASE, scaling this effect to the increase in the total device

efficiency obtained by this combination.
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It is interesting to note that the ASE power spectral density produced in each one
of the intermediate amplification sections, pASE(l), is divided not by the gain of each
one of those sections, but by the gain of the initial section, G;. This means, of course,
that the more gain the first amplification section produces, the less important the
effect of the ASE produced in any other amplification section becomes. We can then
think about making the initial gain G; large in order to minimize the effect of the ASE
photocurrent. This, however, defeats once more the purpose of TAP detectors, which
is providing a large efficiency without a large increase in the peak optical power

inside the device.
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ASE current generation coefficient
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Figure 2.22: Simulated ASE current generation coefficient as a function of the net gain
per period, for different numbers of periods. Intuitively, this parameter representsthe
ratio between the total ASE current and the signal photocurrent, the former normalized
to the ASE power generated in one absorption section, the latter to the input power
coupled into the device. Thefirst section of the device is assumed to provide absor ption,
i.e., no contribution to the ASE current from an initial amplification section istaken into
account.
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Let us now study the evolution of the parameter Kgeco(DG,N). Its value, as a
function of the net gain per period, and for different values of the total number of

periods, is shown in Figure 2.22.

For very small values of DG, the TAP detector works as a regular detector, almost
all the signal photocurrent being generated in the first absorption section. ASE,
however, gets generated in all amplification sections, being also aimost al of it
absorbed in the immediately neighboring detection sections. Evaluating (2.57) for
DG=0 we find a value of 2N- 2 for the ASE current generation coefficient, which is a
good approximation when DG<0.2, as shown in the graph. For very large vaues of
the net gain per period, the value of Kge: tends to 2/DG, independently of the number
of sections. Under this condition, the TAP detector works as a traditional
photodetector with preamplification, most of the current being generated in the last
absorption section, be it due either to the input signal or to ASE. The factor of 2
stems from the fact that the backward-propagating ASE aso adds to the background
current. Finaly, when gain, absorption and loss are close to cancellation, i.e., around

DG=1, we can approximate the value of Kgec as

N+1

(0G-1)! (258).

kelec(DG’N):(N'l)gl' H

At DG=1, i.e., for perfect cancellation between gain, absorption and loss, the

value of kgec IS exactly equal to N- 1. This intuitively corresponds to the fact that
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each detector receives ASE contributions from each one of the N- 1 intermediate

amplification sections,

In summary, it has been shown in this paragraph that the ASE power and the ASE
current grow faster than the amplified signal power and the signal photocurrent,
except in the case where the net gain per section is very large. However, this case
does not present any clear advantage over traditional photodetectors preceded by an
optical amplifier. Cancellation between gain and absorption results in a trade-off
arising between the device efficiency and the ratio between background current and
signal photocurrent. In fact, this ratio is roughly proportional to the number of

periods, and therefore proportional to the efficiency.

ASE current in TAP detectors with transver se coupling

In this paragraph, the ASE current generated in a TAP detector with transverse
coupling will be discussed. In order to be able to easily take into account the effect of
an initial section providing gain only, as shown in figure 2.11, we will consider that
position z=0 is chosen where the simultaneous combination of gain and absorption
starts, and z=L at the end of the device, as shown in figure 2.23. Other than that, the
same assumptions will be made as for the calculation of the device efficiency, i.e., the
material gain and absorption, the confinement factors and the loss will be assumed

constant along the device.
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Figure 2.23: Parameters used for the calculation of the ASE current in TAP detectors
with transverse coupling. The beginning of the simultaneous action of gain and
absorption is chosen at z=0, whereas the device ends at z=L. The initial amplification
section produces ASE with a power spectral density pasei(n), as indicated. Also
indicated are the material gain and absorption, and the confinement factors in the
amplification and detection regions, which are assumed to be position-independent,
same as the optical loss.

Let us therefore assume that the initial amplification section produces ASE with a
spectral density pas=1(n). Then, equations (2.41) and (2.43) may be easily integrated

in closed form, with the initial condition popi(z,N)=pase,1(N):

)2 Pz g
Popt (21) = M p,, (n)+ MGyfg em (0 )eDgT (2.59);
Dy(n)z _ 4
| ase,maa (2) = a0 (0) pASE;]l(n) eDg(n) dn
(2.60).

+ada () Gyry.em(n)

The subscript fwd in the ASE current denotes that this is the contribution from
forward-traveling ASE only. Backward-traveling ASE will add the exact same

contribution, except for the term describing the absorption of ASE generated in the

90



first amplification section, i.e., the first term in the RHS of (2.60), resulting in atotal

ASE current that may be expressed as

Pase1 (n) g™l

| ase =032 (n) m

88
= =

(2.61).

It is interesting to define the ratio between the ASE optical power and the signal
that arrive at a certain position. Calling again G; the gain in the first amplification
region, and Poy(2) the signal optical power that arrives to position z, and is given by
equation (2.17), in aflat-band approximation we can find the following relation:

Pase (2) _ Popt (z)Dn, _ Dn,
POpt (Z) I:)inh cGleDgZ Rnh cel

8Pase1 + MGylg ek opt (DO, 2)f  (2.62),

where we have defined the ASE optical power generation coefficient as:

1- P
Dy

kopt (Dg1 Z) = (2.63).

The intuitive meaning of this parameter is the following: kox(Dg,2) is the ratio
between the ASE optical power and the signal optical power at a given position z in
the device, the former being normalized to the spontaneous emission power coupled
into guided modes in each direction and per unit length, and the latter being
normalized to the input optical power coupled into the device and amplified by the
first gain section. In other words, the evolution of kox(Dg,z) with increasing z

expresses how much faster does the ASE grow with respect to the input signal. This
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parameter is plotted, as a function of the net gain per unit length, and for different

positions, in figure 2.24.
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Figure 2.24: Simulated ASE optical power generation coefficient as a function of the net
gain per unit length, for different positions along the device. Intuitively, this parameter
represents the ratio between the ASE power and the signal power arriving to each
position, the former normalized to the spontaneous emission power coupled into the
guided mode per unit length, and the latter to the input optical power coupled into the
device. No contribution to the ASE from an initial amplification section is taken into
account, i.e., it isassumed not to exist.

Note that there is a very large increase (nearly exponential) of this coefficient
when the net gain per unit length is large in absolute value and negative. This is
caused by the input signal being quickly attenuated, whereas spontaneous emission is
generated all along the device. When the net gain per unit length is large and
positive, the ASE optical power generation coefficient may be approximated by 1/Dg.
Note that this approximation does not lead to an accurate interpretation, since for the

net gain per unit length to be large, the stimulated emission must dominate over all
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other events. Thus, eventualy Gygem and Dg become comparable, and the ratio

between ASE and signal power may be approximated by:

Pae (2) Dn, y
= Mo _wn +m (2.64).
Pyt (2) oot Fi'nthls JeERaul’

This result may be interpreted as the signal and ASE growing at approximately
the same rate. Obviously, the ASE power to signal power is thus minimized, but at
the expense of incurring in saturation for much lower input optical power. Finaly,
when the net gain per unit length is very small, i.e., |DgL|<<1, we can perform the

following approximation:

N Dgz o
kOpt (Dg’ Z)“DgL‘«l - Z?- 7a (265)
In other words, the ratio between ASE power and signal power increases linearly
asthe optical signal propagates along the device.

Let us now finadly study the ratio between the photocurrent generated by the

signal and the ASE current, given by

lase (L) _ Dng
I ph(L) thIPin

8Pase 1 + MGqry ek e (DY, L) (2.66),

where we have defined the ASE current generation coefficient kge(Dg,L) as

e™- - 1- DgL

keleC(Dg' L) =2 Dg(eDgL _ 1)

(2.67).
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This parameter expresses thus the ratio between ASE current and signal
photocurrent, the former being normalized to the spontaneous emission generated and
coupled into guided modes per unit length, and the latter to the input optical power
coupled and amplified in the first gain section. The ASE current generation
coefficient is shown, as a function of net gain per unit length, and for different device

lengths, in figure 2.25.
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Figure 2.25: Simulated ASE current generation coefficient as a function of the net gain
per unit length, for different device lengths. Intuitively, this parameter represents the
ratio between the ASE current and the signal photocurrent generated in the entire
device, the former normalized to the spontaneous emission power generated and coupled
into the guide mode per unit length, and the latter to the input optical power coupled
into thedevice. No contribution tothe ASE from an initial amplification section istaken
into account, i.e., it isassumed not to exist.

When the net gain per unit length is negative and large in absolute value, the limit
of the previous expression is 2L. This is intuitively explained by the fact that the

signal is quickly absorbed, the amplification making its presence barely felt, i.e., the
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internal efficiency of the device being close to one, while the spontaneous emission
coupled into guided modes is quickly absorbed, and thus the ASE is constant along
the device. Note that the term “ASE” is used here loosely, because the absorption
dominating overwhelmingly, there is no real net amplification of the spontaneous
emission. The factor of 2 appears because both forward- and backward-propagating

ASE is generated.

When the net gain per unit length is large and positive, both ASE and signal
increase at a very similar rate. At this point, we need to remember once more that
this situation is only possible when Gyrgen and Dg are comparable, leading to the
following, more meaningful expression:

ase (L) __Dbn,
Iph(L) DgL:>1 thlF?n

8Pase1 T2y (2.68).

In other words, most of the entire device works as an amplifier, the mgority of
the photocurrent being detected in its end. The result is thus similar to the ratio of
ASE current to photocurrent for a photodetector preceded by an amplifier that

provides again G;, while generating an ASE spectral power density pase..

Note also that, although a large net gain per unit length leads to a small ratio
between ASE current and signal photocurrent, this is only possible when the optical
power grows very rapidly inside the device. This would, of course, defeat the

purpose of TAP detectors by incurring into saturation for lower input optical power.
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Finally, when gain and absorption are close to mutual cancellation, we may

approximate

L
Koee (D9, L) s = zgi- D%g (2.69).

In other words, the ratio between ASE current and signal photocurrent is roughly
proportional to the device length. This happens when the signal photocurrent is
approximately proportional to the device length, whereas the ASE current follows a
roughly quadratic dependence, the ASE optical power itself being approximately

linear with the position along the device.

In summary, it has been shown in this paragraph that the ASE power and the ASE
current, in a TAP detector with transverse coupling, grow faster than the amplified
signal power and the signal photocurrent, except in the case where the net gain per
unit length is very large. This case does not present though any clear advantage over
traditional photodetectors preceded by an optical amplifier. When the net gain per
unit length is very small in absolute value, the ratio between background current and
signa photocurrent is roughly proportional to the device length, and thus to the

device efficiency, resulting in atrade-off between these two performance parameters.

Once the ASE current generation has been discussed, the generation of
background current due to detection in the absorption region of spontaneous emission

generated in the gain region will be studied in the next paragraph.
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Spontaneous emission current in TAP detectors with vertical
coupling

Light is spontaneously emitted in all directions of space in the amplifier region.

Part of it will be absorbed in the detection region, leading to an added component in
the background current. This contribution may be expected to be very small in TAP
detectors with alternating gain and absorption, given that spontaneous emission
would need to travel very close in a very small angle around the direction of
propagation in order to reach a detector from even the nearest neighbor amplifier. A
large fraction of this spontaneous emission will actually be coupled into propagating
modes, and its effect on the background current is taken into account through the
ASE current. In TAP detectors with transverse coupling, however, this is not true
anymore, since most of the ASE will be seeded by photons spontaneously emitted in
a small angle around the longitudinal direction of propagation, but a non-negligible
fraction of the spontaneous emission, emitted either around the vertical direction or
the lateral direction, will reach the detection region. In this paragraph, the
contribution from this spontaneous emission to the total background current will be
estimated for the particular case of TAP detectors with vertical coupling. In the case
of TAP detectors with lateral coupling, the calculation is performed in an analogous
way, leading in general to a much smaller value, due to the thickness of the active
region being in general much smaller than its width, and to the separation between
gain and absorption regions being in genera smaller in devices with vertical

coupling.
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Figure 2.26 shows only the gain and absorption regions of a TAP detector with
vertical coupling, indicating their length L, their width (assumed identical) w, and the

vertical separation between their midpoints d.

amplifier

Figure 2.26: Gain and absorption regions in a TAP detector with vertical coupling.
Indicated are their length L, their width w (assumed identical) and the separation
between their midpoints d. Qmin and Qmax indicate respectively the minimum and
maximum angles subtended, in a vertical plane parallel to the direction of propagation,
by the detector region from any point in the gain region in the same plane. f ., and f pax
indicate respectively the minimum and maximum angles subtended, in a vertical plane
perpendicular to the direction of propagation, by the detector region from any point in
thegain region in the same plane.

Let us define, as represented in the figure, qmin and Qgmax as the minimum and
maximum angles subtended, in a longitudinal plane, by the detection region from any
point in the absorption region. Since L>>d, we may approximate them, respectively,
by p/2 and p. Let us furthermore define f in and f yex as the minimum and maximum
angles subtended, in a longitudinal plane, by the detection region from any point in

the absorption region. These two angles are defined by
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W _ _
a—tan(f min)—2tang > (2.70).

Since the device length L is much larger than the separation between active
regions d, we may assume that the contribution from positions along the amplifier
where the angle subtended by the detection region is close to gmin IS negligible, and
thus the fraction of photons spontaneously emitted in the active region that reach the
detection region may be estimated by the average of f in and f ax, divided by the total
angle around an axis parallel to the direction of propagation, i.e., by(f mintf max)/4p.

Figure 2.27 expresses this value as a function of the ratio w/d.
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Figure 2.27: Simulated estimate of the fraction of spontaneous emission from the gain
region that will arrive to the detection region in a TAP detector with vertical coupling,

asafunction of theratio between their width w (assumed identical for both regions) and
their separation d.
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So, for example, for a typical device active width of 3mm, and a separation
between 0.5 and 1nm between active regions, about 25-30% of the spontaneously
emitted photons in the gain region will actually arrive to the absorption region. Not
all these photons will be absorbed, but a fraction 1- exp(- aLin), @ being the material
absorption and Li; an effective interaction length. The lower bound of this
interaction length may be assumed to be twice the thickness of the detection region,
for photons spontaneously emitted in the vertica direction, which due to the
reflection at the top contact of the detector have a double pass through the absorption
region (other reflections are neglected). Of the total number of photons emitted
vertically in the gain region, half (those emitted upward) will indeed reach the
detector. The interaction length will be much larger than the absorption length 1/a
for photons emitted with a small angle with respect to the direction of propagation in
the device. However, a smaller fraction of the photons emitted in this range of angles
will reach the detection region. We can thus estimate the effective fraction of
photons that are absorbed in the detection region as 1- exp(- 2at)/2, t being in this
case the thickness of the detection region. For a typical material absorption of
9000cm™ ! and an active region thickness between 200 and 300nm, this leads to about
2/3 of the photons that arrive to the detection region actually being absorbed in it. In
other words, for an active region thickness in the range used for this calculation, the
result expressed in figure 2.40, multiplied by 2/3, expresses an estimate of the total
fraction of spontaneously emitted photons that are absorbed and contribute to the

background current in the detector. For the rest of this section, we will assume that
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this fraction is known, and we will denote it by r ¢,. For realistic devices, and per the
previous discussion, this value may be estimated as 15-20%. Obvioudly, if the
spontaneous emission rate per unit volume and time in the active region Ry, is known,
the contribution to the background current introduced by this spontaneous emission

may be expressed as

lo =ar oRySL (2.71),

where Sis the cross-sectional area of the gain region. Note that the dependence of the
spontaneous emission current with the device length is linear, resulting in no
additional trade-off between its contribution to the background current and the device
efficiency. Furthermore, large relative variations of the net gain per unit length may
be achieved with small changes in the carrier density, and consequently small
variations in the spontaneous emission rate. An increase in the net gain per unit
length will thus result in a much larger increase of the signa photocurrent than the

corresponding increase in the spontaneous emission current.

We will proceed, in the next subparagraph, to compare this value to the ASE

current previously calculated, and to provide numerical estimates for both.

Order of magnitude of ASE current and spontaneous emission current

It was clamed, at the beginning of this chapter, that the main source of
background current is the absorption in the detection region of ASE generated in the
gain region. We estimated that other sources (such as the imperfect electrical

isolation between the detector and amplifier contacts) would produce dark currentsin
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the order of a few mA, while their dependence on the number of periods or device
length would be roughly linear, in the respective cases of TAP detectors with
alternating gain and absorption and with transverse coupling. The order of magnitude
of the ASE current and the spontaneous emission current will now be estimated, in
order to compare them to other possible sources of background current and between

themsalves.

Performing a flat-band approximation, and neglecting the effect of the initial
amplification region, the total ASE current in a TAP detector with transverse
coupling, expressed in (2.61), may be simplified into

e™ - 1- DgL

o (2.72).

| a =29Dn, (G )(Ggrst,em)

When gain and absorption are close to cancellation, we may perform the

following approximation:
| e =0ADN, (GaL)(Gyrg el ) (2.73).

We will now substitute into this equation some of the values used in the previous
section for the calculation of the device efficiency, i.e.,, material absorption of
9000cm *, device length of 200mm, and confinement factors is gain and absorption
region of 20% and 5%. We will furthermore assume that r¢em may be approximated
by 5000cm™!. Typical bandwidths for SOAs are in the order of 10-20THz. This

yields values of ASE current in the order of 300mA-600mA. The only other source of
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background current that may compete is therefore the current generated by absorption

of spontaneous emission, |g,.

Let us now find the ratio between these two contributions in a flat band

approximation. As shown in appendix A, we may write

r
= N—O Ry emDNo = I oVglg emDNo (2.74),
p

where N, is the photon density per unit volume in the amplifier medium, ro the
blackbody radiation density and vy the guided velocity of light in the amplifier
waveguide. Using the expression for the blackbody radiation found in this chapter,

we may then write the total spontaneous emission current as

2
n“S.
ISp :&qu Sp?rst’emDno (275),

where n is the index of refraction of the amplifier medium, and | o the centra
wavelength of the amplifier. Let us assume that 20% of the spontaneously emitted
photons produce an electron of photocurrent. Let us again assume, as when the ASE
current was calculated, that the stimulated emission rate normalized to the optical
intensity is 5000cm %, and the bandwidth is 10THz. For a refractive index of 3.5, a
200mm long device emitting at 0.85nm, with a 3nm wide active region consisting of
seven QWSs, 8nm thick each, would produce around 2mA of spontaneous emission

current. This value corresponds to between 3 and 6 times the ASE current produced
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by the same device operating close to zero net gain. In fact, the ratio between

spontaneous emission current and A SE current may be written as:

|ae _ GGl oL e™ -1 DgL
lo  4pren®s  (DgL)?

(2.76).

When gain and absorption are close to cancellation, absorption of spontaneous
emission will be the major contribution to the background current of the device. As
the device length increases, the ratio between the ASE current and the spontaneous
emission current increases linearly, leading to similar values of these two
contributions for device lengths between 0.5 and Imm. An increase in the net gain
per unit length produces likewise a relative increase of the ASE current with respect

to the spontaneous emission current.

In summary, the previous two paragraphs have discussed the generation of
background current in TAP detectors due to absorption in the detection regions of
ASE and spontaneous emission generated in the gain region. The order of magnitude
of both ASE current and spontaneous emission current were estimated, resulting in
values much larger than those expected from other background current contributions.
It has been shown that, for large net gain per period in TAP detectors with aternating
gain and absorption, and for large net gain per unit length in TAP detectors with
transverse coupling, the signal photocurrent and ASE current grow at the same rate
with the number of periods and the device length, respectively. However, this
situation would not introduce any significant improvement over a traditional detector

preceded by an optical amplifier. In the case where gain and absorption are close to
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cancellation, it has been shown in previous sections that the device efficiency was
roughly linear with the number of periods or the device length, in the cases of TAP
detectors with alternating gain and absorption and with transverse coupling,
respectively. In this section, it was shown that the dependence of the ASE
photocurrent is roughly quadratic. This introduces a trade-off between the device
efficiency and the ratio between the signal photocurrent and the ASE photocurrent,
since the former is roughly proportional to the number of periods or the device length,
and the latter roughly inversely proportional, their product thus being close to
constant. In the particular case of TAP detectors with vertical coupling, it was shown
that, for realistic device lengths, the main contribution to the background current
when the net gain per unit length is negative or very small may be expected from
absorption of spontaneous emission, rather than of ASE. This dominance of the
spontaneous emission current becomes less important with device length and with

increasing net gain per unit length.
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Competition between signal and spontaneous emission for the
available optical gain

The electron and hole concentrations in the active region of an electricaly-
pumped SOA are affected by several different processes. current injection, carrier
escape (e.g. via thermionic emission), non-radiative recombination, spontaneous
emission and stimulated emission and absorption (see for example [3], pp. 29-31).
Under DC operation, the combination of all these processes results in an equilibrium
carrier concentration. Changing the amount of optical power present inside the SOA
will result in a change in the stimulated emission rate, and thus in a different
equilibrium carrier concentration. In the absence of an optical input, all stimulated
transitions are triggered by the ASE. In the presence of an optical input, the optical
power in the SOA will increase, leading to a lower equilibrium carrier concentration.
The spontaneous and stimulated emission rates will thus decrease, resulting in a lower
ASE and spontaneous emission production. Reciprocally, the production of ASE in
the SOA reduces the carrier concentration, thus resulting in a lower materia gain
available for the signal. This establishes a competition between signal and ASE for
the available optical gain. The equations allowing us to describe the effects of this
competition are introduced in appendix A. In this section, these equations will be
used to give a qualitative understanding of the effects of such competition in the
behavior of TAP detectors. First, the concept of measurable photocurrent in TAP will

be introduced. This concept is necessary to take into account the change in ASE
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photocurrent due to the presence of the input optical signal. Next, and using the
formalism introduced in appendix A, the effect of the competition between signal,

spontaneous emission and ASE in the TAP detector response will be described.

Background current and measurable photocurrent

As described in the previous section, most of the background current existing in
TAP detectors is originated by the absorption in the detector region of the ASE or
spontaneous emission generated in the gain region. With the addition of an input
signal, both the ASE and the spontaneous emission generated in the device will
decrease, as briefly introduced above, and described in more detail in appendix A.
This will obviously result in lower ASE and spontaneous emission currents in the
presence of an input signal. However, in the absence of any filtering mechanism, the
ASE current, spontaneous emission current and the signal photocurrent cannot be
distinguished. Only their sum may be measured. Therefore, we cannot directly
access the true photocurrent generated by the distributed amplification and absorption
of the input optical signal, only the difference between the total current in the
presence and in the absence of said optical signal. This difference between the total
current and the background current in the absence of an optical input will be referred
to as measurable photocurrent from here henceforth. Calling lase(Pin), Isp(Pin)
respectively the ASE and spontaneous emission currents generated in the device
when an optical input of power Pj, is present, and Ipn(Pin) the true photocurrent

generated by said input the measurable photocurrent, |meas, may be defined as follows:
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Ieas (Pin) = 1 on (Rn) * Lase (Rn) * 1 (Rn) - 1ase (0) - 10(0)

We can similarly define a measurable efficiency, himeas(Pin), s

_ M s (R)
e

N rvees (P

meas (P

Q2.77).

(2.78).

The concept of measurable photocurrent is schematically expressed through

figure 2.28.
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Figure 2.28: Thetotal current generated in a TAP detector in the presence of an optical
input (full line) is the sum of the background current produced in the presence of that
input (dashed line) and the actual photocurrent generated by said input. As the input
power increases, the ASE and spontaneous emission decr ease, resulting in a lower value
of the measurable photocurrent, i.e., the difference between the total current and the
background current in the absence of an input. The value of the background current in
the absence of an optical input (dash-dotted line) is also shown for clarity.

This effect exists aso in traditional SOAS, in the sense that the output optical

power in an SOA is the sum of the amplified input signal and the ASE power.
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However, it will be clear soon that in TAP detectors the competition between signal,

spontaneous emission and ASE has more dramatic consequences.

In a traditional SOA, only the forward-traveling ASE exits the device at its
output, together with the amplified signal. The backward-traveling ASE will leave
the SOA through its input, thus being separated from the signal. Furthermore, post-
amplification filtering is usualy implemented, resulting in much of the ASE power
being eliminated. Therefore, the total ASE power indistinguishably added to the
amplified total optical output may be considered to be very small compared to the
amplified signal power, as expressed in figure 2.29. A reduction in this ASE power
will result in a barely noticeable change in the total optical power. As a conclusion,
the only noticeable effect of the competition between signal and ASE is the reduction

of the material gain.

SOA optical filter
VAW (C)
X
TN T (R\{\ \/\ m»
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Figure 2.29: Schematic representation of the signal (full wiggly arrows) and ASE
(dashed wiggly arrows) produced in a typical SOA. Backward-propagating ASE (a)
leaves the device at itsinput, and is thus separated from the signal. Optical filtering at
the output leaves a small contribution of ASE (b) added to the amplified signal (c). A
reduction in this ASE value due to competition between signal and ASE results in a
barely noticeable changein the total optical power.
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In TAP detectors, however, both forward- and backward-traveling ASE generate
background current, in addition to spontaneous emission in the case of TAP detectors
with transverse coupling. Furthermore, even though optical filtering may possibly be
added in TAP detectors, the current configurations studied in this dissertation do not
include it. Any reduction in the production of spontaneous emission or in ASE,
whether forward- or backward-propagating, and for any frequency in the optical
bandwidth of the gain region, will thus be reflected directly in a reduction of the
background current. The effect of this competition needs therefore to be studied in

more detail, and will have more severe repercussions than in the case of SOAs.

In summary, this paragraph has introduced the concept of measurable
photocurrent and measurable efficiency in TAP detectors, which take into account the
effect of competition between signal, spontaneous emission and ASE for the available
gain. The need to study the effect of this competition has also been justified. In the
next section, this effect will be quantified by solving the carrier equilibrium equation
together with the optical power propagation equation, as outlined in appendix A, and

for the case of TAP detectors with transverse coupling.

Competition between signal and spontaneous emission in TAP
detectors with transverse coupling

In order to accurately take into account the effect of competition between signal
and ASE for the available optical gain, and as discussed in appendix A, a system of
two equations needs to be solved self-consistently. The first equation is the carrier

density equilibrium equation in the amplifier region. It expresses that, in DC
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operation, the different processes that generate and annihilate electron-hole pairs in
the gain region need to cancel their effects. This equation needs to be satisfied
simultaneously for all positions along the device. The second equation is the optical
power evolution equation, where signal and forward- and backward-traveling ASE

are taken into account.

In this section, a way to solve these equations will be presented, in the particular
case of TAP detectors with vertical coupling and without an initial gain section. First,
the assumptions for the solving method will be stated. Next, the way to solve the
equations in an indirect way under the simplifications considered will be presented.

Finally, the results from the calculation will be shown and discussed.

Assumptions of the solving method

The two equations that need to be self-consistently solved are the following:

hyl

v = Ro*(Reem- Rean) (2.79);

dpoptd (Z zn) _ DG () Papt (2) + MGy e () (2.80).

As expressed in more detail in appendix A, these two equations are linked. On
one hand, the net optical gain and stimulated emission rate normalized to optical
intensity, appearing in (2.80), depend on the carrier density. On the other hand, the
stimulated emission and absorption rates in (2.79) depend on the local optical power.

In a strict model, the carrier density N is position dependent, and therefore so are
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position-dependent the non-radiative recombination rate R,, the spontaneous
recombination rate Ry, the net gain per unit length Dg, and the stimulated emission
normalized to optical intensity r¢em. These quantities depend only on the carrier
concentration, so once the latter is known, the former may be calculated too. In
appendix A, amodé is outlined that solves the system formed by (2.79) and (2.80) by
dividing an SOA longitudinally into a series of sections where the carrier
concentration is assumed to be constant. In the case of TAP detectors with transverse
coupling, the carrier density will be assumed to be constant in the entire device. This
approximation is possible because the only position-dependent term in (2.79) is the
difference between the stimulated emission rate and the stimulated absorption rate.
Now, since TAP detector operation becomes most interesting when the net gain per
unit length is very small, approximating in this case the amplified optical signal along
the device by its average value does not produce a large error. Furthermore, it has
been shown that, when the net gain per unit length is small, the ASE power grows
linearly along the device. This is true, of course, both for the forward- and the
backward-traveling ASE. Thus, their sum will aso be close to constant along the
device, and approximating it by its average value results also in a small error. This
assumption allows us to consider (2.79) as a position-independent equation, i.e., an
equation that needs to be solved once, its solution being valid for the entire device.
Furthermore, and as a consequence, it also alows us to consider the net gain per unit
length and the stimulated emission rate normalized to optical intensity, appearing in

(2.80), as position independent. In this case, this equation may be solved in closed
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form, as shown in (2.17) and (2.59). These two results may be spatially averaged,

resulting in
poole R 2.81
opt_todjopt(z) Z=NcHy Dg(no)L (2.81),
_ 1Y _ Gylgem(n) e 1. Dg(n)L
pASE(n)—I?()ASE(Zn)dZ—m Do (n) Dg(n)L (2.82),

where Poy(2) denotes the position-dependent optical power contained in the signal ,
and Poy will denote heresfter its spatially-averaged value. Similarly, pass(zn)
denotes the position-dependent ASE spectral power density, and pas=(n) will denote

henceforth its spatially-averaged value.

Thus, under the assumption that the net gain per unit length is small, and that the
optical power does not change radicaly inside the device, the system may be

simplified into one single position-independent equation:
h;l ) N
ql_v = AN +CN%+ R, (N)+ 6Ry an (N, Ry) - Ry (N, Ry B (2.83).

Note that both the spontaneous emission rate and the stimulated emission and
absorption rates include contributions at all frequencies. In the next subparagraph, an

indirect way of solving this equation will be presented.

Solving the carrier density equilibrium eguation

In the previous subparagraph, it has been shown that assuming the optical power

close to constant along a TAP detector with vertical coupling results in important
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simplifications when trying to calculate the effect of the competition between signal
and ASE for the available optical gain. The initial system of two coupled equations
has been shown to smplify into (2.83). Although this equation is considerably
simpler than the initial system, it is still not obvious to solve it. In this subparagraph,

an indirect method to perform this task will be presented.

Let us assume for a moment that the carrier density N in the amplification region
is known when a certain monochromatic signal at frequency np, containing a known
optical power Pi,, is incident on a TAP detector with vertical coupling. Now, since
the carrier density determines al parameters describing the interaction between the
gain region and the light inside the device, knowing N would enable us to calculate
the frequency-dependent gain g(n), net gain per unit length Dg(n), and stimulated
emission rate normalized to input power rgem(n). All parameters and values present
in equations (2.81) and (2.82) would then be known to us, and we could easily
calculate the spatially-averaged signal power Poy and ASE spectral power density
pass(n). As shown in appendix A, the difference between stimulated emission and

absorption rates may be calculated as

Re.em Rﬂ’ab:EC‘)Gg(n) Prce () dn +1M

S m S m,

(2.84),

where Sis the amplification region cross-sectional surface. The integral needs to be

performed over the amplifier bandwidth, so that the first term in the RHS of (2.84)
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represents the contribution to the stimulated emission and absorption rates from ASE

at al frequencies. The second term represents the contribution from the signal.

Thus, assuming that the carrier concentration N and the input optical power Pi,
are known, all termsin the RHS of (2.83) may be calculated. Assuming the injection
efficiency known, the bias current that needs to be injected into the amplifier region
to produce this situation may be found. Performing this calculation for different
values of the carrier concentration, and for a given input optical power, would allow
us, through interpolation, to obtain the carrier concentration present in the
amplification active region as a function of bias current, and for a given optical

power.

Note that, since the spatially-averaged signal optical power and ASE spectral
power density are intermediate steps in this calculation, they can be associated to the
calculated amplifier bias current. In other words, for a given input power, the
spatially-averaged signal optical power and ASE power spectral density, as afunction
of amplifier bias current, may be found. This includes the case of zero input optical
power. Since the carrier concentration determines also the spontaneous emission rate,
the background current due to detection of both spontaneous emission and ASE, and
either in presence or in absence of an input signal, |s(Pin) and I as=(Pin), and 1s,(0) and
Ias=(0), may be found, as well as the photocurrent due to said signal, Ipn(Pin). The
measurable photocurrent may then be found via (2.77), thus quantifying the effect of
the competition between spontaneous emission and signal for the available optical

gain. This computation process is schematically represented in figure 2.30.
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The calculation of the ASE current, spontaneous emission current and signal
photocurrent from the spatially-averaged ASE power spectral density and signal
power is extremely ssimple when the absorption in the detection region is position-

independent:

Lon (Bn) = (322 (M) Page (2) dlz = mioéGaa (No) LEPyt (2.85);

0 b (2.86).

The calculation of the spontaneous emission current may be performed assuming
an appropriate value for the fraction rg of spontaneously emitted photons that

contribute to the background current:

Iase (Rn) =ar S|DSI_(‘j?\’Sp(n)dn (2.87).
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Figure 2.30: Knowing the input power P;,, and assuming known the carrier
concentration N, the different recombination rates (non-radiative R, spontaneous Rg,
and stimulated Rgem and Ry .an) may be found, from where the amplifier biascurrent Iy,
can be calculated. Intermediate resultsinclude the material gain g(n), net gain per unit
length Dg(n), stimulated emission rate normalized to optical input ryem(n), and spatially-
averaged ASE power spectral density pass(n) and signal power Py, From the last two,
input power -dependent ASE current | as=(Pin) and signal photocurrent 1 ,(Pi,) arefound,
and may be expressed as a function of the input power P, and the amplifier bias I yas.
Theinput-power dependent spontaneous emission current | g(Pi,) may also be calculated
from the spontaneous emission rate.

AN

©

It has then been shown that the amplifier bias current necessary to sustain a
certain carrier concentration, in the presence of a known input signal, may be easily
calculated when the net optical power per unit length is assumed to be small.
Intermediate results in the calculation process allow us to easily find the ASE and

spontaneous emission currents, and signal photocurrent, associated to that bias current
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and input power. The measurable photocurrent for a given input power may then be
found by subtracting the sum of the three of them in the presence and in the absence
of said input power, i.e., their sum when the input power has a certain value and when

there is no input power (and consequently no photocurrent).

In the next subparagraph, the results obtained from this calculation will be shown

and discussed.

S mulated measurable photocurrent

In this subparagraph, the results of the previous calculation, using readlistic
parameters for a TAP detector with vertical coupling, will be discussed. First, the
parameters describing the material, and used in the simulation, will be presented.

Next, the results of the simulation will be shown, and finally discussed.

Let us consider an active region formed by seven 8nhm GaAs quantum wells with
8nm Alo15GapgsAs barriers. Using commercialy available software packages, the
values for material gain and spontaneous emission rate, as a function of wavelength,
and for different carrier concentrations, may be found. In this case, the calculation
was performed using APSY S 4.3.3, by Crosdlight Software [6]. The results from this

calculation are shown in figure 2.31.

The signal wavelength is assumed to be at the peak of the gain, i.e., 853nm. Non-
radiative recombination is defined by coefficients A=10’s * and C=4 10*cm®s* (see,

for example, [3], p. 160). The background loss is 20cm™*. Both the detector and the
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amplifier are assumed to be 3nm wide, the former being defined by etch, the latter by

oxidation of high Al-content layers on top and bottom of the amplifier waveguide.
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Figure 2.31: Simulated material gain (full lines) and spontaneous emission rate (dashed
lines) as a function of wavelength and for different carrier densities, for an amplifier
active region consisting on seven 8nm GaAs quantum wells with 8nm Alg15GaggsAS
barriers. The carrier concentration grows from 10" to 1.5 10cm™® at 2 10%cm®
intervals.

The gain and spontaneous emission shown in figure 2.31 do not take into account
many-body effects (not available in the program at the time of calculation). The
temperature for which the calculation was performed was room temperature (300°K).
Performing the simulation with the values shown in figure 2.31 will however alow
for an intuitive description of the effects of the competition between ASE and signal.
Comparing these simulations to experimental results will aso help establish the

influence of temperature in the device performance.
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For a suitable epitaxial layer design to be described in detail later, incorporating
the amplifier active region modeled in figure 2.31, and for this detector and amplifier
active region widths, the only mode to experience positive net gain per unit length
presents modal confinement factors in the amplification and detection active regions
of approximately 16% and 4%, respectively. The maximum optical coupling
coefficient from a diffraction-limited gaussian beam into this mode is around 50%.
The last three values were found using BeamPROP 5.0, by RSoft Design Group [7].
The injection efficiency was assumed to be independent of amplifier bias current and
carrier density. All results will be plotted as a function of the injected bias current
hilnias. The material absorption in the absorption region, made of bulk GaAs, is

shown in figure 2.32 [2].
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Figure 2.32: Material absorption as a function of wavelength for bulk GaAs. The
carrier concentration isassumed to present itsintrinsic value.
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Let us define the actual external quantum efficiency as the ratio between the
photocurrent generated by the input signal, expressed in units of electrons per second,
divided by the input optical power, expressed in units of photons per second. The
effect of the reduction in the background current with increasing input optical power
is described in figures 2.33, by comparing the actual external efficiency and the
measurable external efficiency, for device lengths of 100, 200, 300 and 400mm, each

of them excited with input powers of 1mA/, 10mA/, 100nWV and ImW.

One easily identifiable trend is very important in figure 2.33. The efficiency, both
actual and measured, decreases due to the increase in optical power. Thisis duein
both cases to the competition of the photons present in the device for the available
electron-hole pairs that recombine to produce amplification. In the case of the actual
efficiency, the signal itself depletes the carriers injected into the amplifier active
region. This effect is mostly due to the signal itself, and not to the ASE, but its nature
is the same. It could be intuitively understood as competition between the input
signal photons among themselves for the available optical gain. As the input signal
increases, the carrier concentration gets progressively depleted, resulting in a lower
net modal gain, which leads to a lower efficiency. This is analogous to gain

saturation in traditional SOASs and lasers.
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Figure 2.33: Simulated measur able (full line) and actual (dashed line) external quantum
efficiency in a TAP detector with vertical coupling, for different input optical powers,
and as a function of the injected amplifier bias current. The device length takes
different values: 100nm (top left), 200mm (top right), 300nm (bottom left) and 400mm
(bottom right). The confinement factors in the gain and absorption regions are 16%
and 4%, respectively. The material gain and absorption and the spontaneous emission
ratein the QWsareas shown in figures 2.31 and 2.32.

In the case of the measurable efficiency, the competition between spontaneous
emission and signal clearly shows itself. Asthe input power increases, the depletion

of the carrier concentration does not only result in a reduction in the amplification of
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the input signal, but also in a decreased production of spontaneous emission and ASE,
leading immediately to a reduction in the background current. As shown especially
for device lengths of 200mm and higher, this effect is quite dramatic, and of
increasing importance as the device length grows. According to the discussion earlier
on this chapter, most of the background current is generated by absorption of
spontaneous emission, rather than ASE. It is therefore important to distinguish which

one of these two components of the background current affects most the measurable

photocurrent.
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Figure 2.34: Simulated background current (full line) for a TAP detector with vertical
coupling of length 200mm as a function of the amplifier bias current, asthe input power
changes from 0 to ImW. Also shown are the contributions to this background current
from absorption of spontaneous emission (dashed line) and ASE (dotted ling). The
device efficiency is shown in thetop right plot of figure 2.33.
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Figure 2.34 shows, for the particular case of a 200mm long device, the reduction
in the background current as a consequence of an increase in the input optical power.
The spontaneous emission current, the ASE current and the total background current
are plotted. The latter is assumed equal to the sum of the former two contributions,

any other source producing a negligible effect.

It is clear that most of the change in the measurable efficiency is related directly
to the reduction in the ASE current, whose variations with the input power are much
more pronounced than those of the spontaneous emission current. It is also
interesting to note that, as the bias current increases and the net optical gain in the
device starts to grow, absorption of ASE becomes eventualy the maor source of
background current. The consequent increase in the stimulated emission rate (in the
presence or absence of signal) leads to the carrier population varying very slowly
with increasing amplifier bias. This must not be mistaken with carrier clamping in
semiconductor lasers (see for example [3], p. 40), but it is arelatively similar effect,
as an increase in the amplified optical power inside the device (lasing or not) leads to
a slowly-varying carrier density with injection. This is expressed in figure 2.35,
where the carrier concentration in the active region is plotted as a function of the

amplifier bias current for increasing optical power, always for a 200mm long device.
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Figure 2.35: Simulated carrier concentration in the amplifier active region of a TAP
detector with vertical coupling, as a function of amplifier bias current, for different
input optical powers. The device length is 200nm, and its external efficiency is shown in
thetop right plot of figure 2.33.

Figure 2.35 shows how the carrier concentration tends indeed to a saturation value
as the injected bias current increases, this value decreasing with the input optical
power. This is intuitively consistent with the competition for the available electron-
hole pairs between the different recombination mechanisms. The competition
between signal and spontaneous emission shows itself also, but for much smaller
values of bias current and quantum efficiency, as shown in figure 2.36, where the
actual and measurable external quantum efficiencies are shown for the particular case

of a100mm long device.
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Figure 2.36: Simulated measurable (full line) and actual (dashed line) external quantum
efficiency in a TAP detector with vertical coupling, for different input optical powers.
The device length is 100mm. The confinement factorsin the gain and absor ption regions
are 16% and 4%, respectively. The material gain and absorption and the spontaneous
emission ratein the QWsare as shown in figures 2.31 and 2.32.

It is noteworthy to observe that a cross-over point exists for which all efficiencies
are equal or their differences are negligible. This corresponds to the amplifier bias
for which the amplification region becomes transparent. There is therefore no net
change in the carrier distribution due to the presence of the signal, and simultaneously
the amplifier has no effect in the optical power. Below this bias current, the amplifier
active region produces net absorption. The introduction of an optical signa results
thus in an increase in the carrier density, which in turn results in the production of
more spontaneous emission (the ASE power level and is still negligible for this bias,
and varies very little with the carrier density), producing the apparent increase of the

efficiency for higher optica input powers. It is aso important to note that, even
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though a reduction in the measurable efficiency due to a decrease in the spontaneous
emission current exists, and accounts for the different efficiencies shown in figure
2.52, this effect is much smaller than the reduction due to the competition between
ASE and signal for larger amplifier bias currents. The reason for that is that the ASE
current increases both with device length and with bias current much faster than the
spontaneous emission current, and faster than the signal itself. A decrease in the
carrier density due to an increase in the average optical power will lead thus to a
larger change in the ASE current than in any other contribution to the total detector

current for positive values of the net gain per unit length.

Before concluding this discussion, it is necessary however to make one clear
observation. As shown in the carrier density plotted in figure 2.35, compared to the
background current shown in figure 2.34, the most dramatic effects of the competition
between signal and ASE will appear for values of the carrier concentration larger than
in the order of 8 10*%cm™®, This corresponds to values of the material gain close to
3000cm. Therefore, based on the previous discussions in this chapter, this would
entail that the net gain per unit length is positive, and actually large (DgL>1). The
approximations made in this section are thus not entirely accurate for the
corresponding input bias currents. TAP detectors will begin to show signs of
saturation due to the competition between signal and spontaneous emission for lower
input powers, and when the amplifier bias current and consequently the external
efficiency are lower. In fact, averaging the optical power results in effectively

“dowing down” the onset of saturation, i.e., letting the competition of signal and
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spontaneous emission show its effect only for higher values of the input optical power
or the amplifier bias current than those which would produce saturation in a real
device. The results shown here, athough not quantitatively exact, are however
qualitatively correct. When interpreting experimental results from real devices, it will
be necessary therefore to take into account the effect of averaging in the previous
simulation, as well as the effect of temperature on the gain for a given carrier density,
and also the gain reduction due to many-body effects. This will be further devel oped

in later chapters.

In conclusion, this section has discussed the effects of competition between signal
and spontaneous emission for the available optical gain. This effect is argued to be
much more important in TAP detectors than in traditional SOAS, because of the close
relationship between ASE, both forward- and backward-traveling, and background
current, and also due to the absence of spontaneous emission and ASE filtering in the
TAP detector configurations as presented in this dissertation so far. Simulations
show how the increase of the optical input of a TAP detector results, viaa decrease in
the background current, in an important saturation of the external quantum efficiency
of TAP detectors. This effect is shown to increase with the input optical power, the
bias current and the device length. Although these simulated results cannot be
claimed to be quantitatively exact, because of the approximations made in obtaining
them, they can still be claimed to provide a qualitatively correct picture. We can thus
expect a decrease in the external quantum efficiency with increase optical power,

which will happen due to a reduction of the spontaneous emission current when the

128



net gain per unit length is negative or very small, and due to a reduction of the ASE
current when the net gain per unit length is large. The simulations show the latter
effect to be more important than the former, especially for large values of the external
quantum efficiency. We can also conclude from the previous discussion and results
that deviating from a negative or very small net gain per unit may quickly result in

device saturation due to competition between signal and ASE.

Summary

This chapter has presented and discussed the DC operation characteristics of TAP
detectors. The behavior of TAP detectors with aternating gain and absorption and
TAP detectors with transverse coupling is found to depend very similarly on the

number of periods and the device length, respectively.

When gain and absorption are close to mutual cancellation, the device efficiency
is found to be approximately linear with the number of periods or device length. The
main contribution to the background current produced independently on the input
optical signal is argued to stem from the absorption in the detection regions of the
ASE produced in the amplification regions. In the case where gain and absorption are
close to cancellation, this background current depends on the number of periods or
device length through aroughly quadratic law. This resultsin atrade-off between the
device efficiency and the ratio between the detected photocurrent produced by the
signal and the background current produced by the absorption of ASE. The

background current generated in TAP detectors with transverse coupling due to
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absorption of spontaneous emission varies linearly with the device length, and does

not introduce therefore any trade-off.

The background current becomes more dominant when the optical power suffers
large net loss as it propagates. Under this condition, the input optical power will be
quickly attenuated, resulting in regions of the device producing barely any
photocurrent related to the input optical signal. Spontaneous emission is produced
and detected al along the device, from where the performance degradation in this

case stems.

When the signal experiences large net gain as it propagates, the situation is not
very dissimilar from traditional photodetectors preceded by an optical amplifier. The
total device efficiency grows, and the production of current by absorption of the
amplified input signal and absorption of ASE increase following roughly the same
law as a function of the number of periods or device length. TAP detectors operated
under these conditions do not present, however, significant intuitive advantages over

the combination of a photodetector and a preamplifier.

The competition of ASE and signa for the available gain results in carrier
depletion as the input optical power grows, with the ensuing reduction in the optical
gain. The lack of optica filtering of the ASE and spontaneous emission in the
configurations proposed in the previous chapter results in a reduction in the device
efficiency, partly due to the input optical signal experiencing less gain, but also due to
a reduction in the background current in the presence of a higher optical input. Due

to the impossibility to distinguish between the photocurrent generated by either the
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signal or the ASE, the reduction in the ASE current transates directly in a reduction
of the measurable photocurrent. When the net gain per unit length is large and
positive, this effect is shown to be quite important. The results simulated point thus
to the need of introducing in the future optical filtering to reduce the amount of
photocurrent reduced by absorption of ASE and spontaneous emission, and to the
conclusion that the optimum operating condition for these devices is when gain and

absorption are close to mutual cancellation.

This chapter has therefore presented a full theoretical characterization of the DC
operation characteristics of TAP detectors, discussing their efficiency and the effect

of spontaneous emission and ASE generation and absorption in their performance.
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CHAPTER 3
High-speed characteristics of TAP detectors

Traveling-wave detectors are optoelectronic devices that feature in general two
waveguides. an optical waveguide where light propagates and is absorbed, and an
electrical waveguide where the generated photocurrent travels towards the device
output. A lumped mode is insufficient to simulate the characteristics of the electrical
waveguide. A distributed model is necessary in order to take into account al
phenomena related to the propagation of the photocurrent. Such phenomena include
the microwave attenuation as the generated photocurrent propagates, the velocity
mismatch between the optical and electrical signals, and the reflections associated to
the impedance mismatch between the electrica waveguide and the load. In this
chapter, the bandwidth of TAP detectors will be modeled, and the results of the
simulations discussed, through the study first of the microwave propagation

characterigtics, followed by the application of a distributed photocurrent model.
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Microwave propagation in TAP detectors

The frequency response of traveling-wave detectors is determined mostly by the
propagation of the generated photocurrent towards the device electrical output. This
propagation needs therefore to be modeled in TAP detectors, in order to simulate their
frequency response. In this section, the model used to describe the propagation of
electrical waves in TAP detectors will be presented. First, some brief remarks about
the propagation of electrica waves in metal-insulator-semiconductor structures will
be made. Based on these remarks, an equivalent circuit model will be presented.
Using this equivalent circuit model, the microwave propagation characteristics will be
described through the microwave propagation coefficient gy and characteristic
impedance Z.. Results of calculations of these two parameters will be presented for
TAP detectors with aternating gain and absorption and for TAP detectors with

vertical coupling.

Propagation of electrical waves in metal-insulator-
semiconductor structures

Electrical fields propagating in a metal-insulator-semiconductor structure are
affected by different phenomena. Any material presenting a finite, non-zero
resistivity will introduce dissipation loss. The interaction between the field and the
waveguide will result also in a propagation velocity different than the speed of light
in vacuum. The propagation velocity and the loss will depend on the characteristics

of the different waveguide layers, but also on the distribution of the field in each one
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of them. Finally, changes in the waveguide geometry, e.g. a the input or output of
the device, may result in reflections due to mismatch between the propagation
characteristics of different sections of the waveguide. An accurate description of
these effects requires the solution of Maxwell’ s equations, finding the different modes
supported by the structure and the propagation characteristics of each one of them.
This “full-wave’ description, although accurate, is not very practical in realistic
devices, given the difficulty involved in the solution of Maxwell’s equations for
arbitrary geometries and material characteristics. An entirely equivalent way to
describe the propagation characteristics is found by considering the propagation of
voltage and current waves (see for example [1], chapter 3). Assuming that z is the
direction of propagation, and that the wave travels from lower to higher values of the
coordinate z, the voltage and current waves, V'(z) and 17(2), may be described by the

following equations:

V' (2) _17(2) _ g,
V+(0)_ (0 =e (3.1),
Vg, 32),

where Z. the characteristic impedance and gy is the microwave propagation

coefficient, expressed typically as

Oy =g * jby (3.3).
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ag Is the attenuation coefficient per unit length, and bg is related to the phase

velocity v, through
Vp,=— (3.9).

This description assumes that the waveguide is homogeneous, i.e., equations (3.1)
and (3.2) are only valid for a range of positions where the characteristics of the

waveguide itself do not change.

For an arbitrary waveguide, the relation between the geometry and material
properties of the waveguide, and the microwave propagation coefficient and
characteristic impedance are not easily found, and require, as mentioned earlier, a
“full-wave” solution of Maxwell's equation. However, there are three main
propagation regimes in metal-insulator-semiconductor waveguides. Each regime
accepts approximations that help ssimplify the problem considerably. The propagation
regime depends mostly on the semiconductor properties and the frequency
considered, since the main differentiating factor is the penetration distance of the field
into the different materials, also known as skin depth. For a material with resistivity
r, and magnetic permeability m the skin depth ds at a given angular frequency w is
given by (see for example[1], p. 54)

dg(w)= — (3.5).

For very small frequencies, i.e., when the wavelength is much larger than the

waveguide dimensions, the solution of Maxwell's equations is very close to a
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transverse-electric-magnetic (TEM) mode, and semiconductor materials present
behaviors similar to those of lossy dielectrics (quasi-TEM regime). The effect of the
semiconductor layers may therefore be accurately described through their dielectric
loss tangent. For very large frequencies, the penetration of the field into the
semiconductor layers is very small, and these may be assumed to behave like lossy
conductors (skin-depth regime). For intermediate values, such simplifications are not
possible. The full-wave solutions to Maxwell’s equations present lower phase
velocity than would be expected from the combination of the permeability and
permittivity of the semiconductor material (slow-wave regime). Probably the first
full description of these three propagating regimes was performed for metal-silicon
oxide-silicon microstrip waveguides [2], but the principle holds for other material
systems and waveguide geometries. In fact, traveling-wave detectors may indeed be
assumed to be metal-insulator-semiconductor waveguides. The insulator would be
represented by the reverse-biased absorption region, whereas the semiconductor
regions would correspond to the claddings. The substrate will belong to the former or
the latter depending on whether it is semi-insulating or not. For the typical range of
cladding resistivity useful for such devices (r ~10 3Wem, corresponding to a mobility
of ~10°'m?v" s and a carrier concentration of ~10"cm™®), and assuming that the
permeability is not too different from that of vacuum, we find, for frequencies
f~10GHz, a skin depth d«~10"3cm=10mm, well in the order of magnitude of typical
device dimensions. Consequently, the electrical propagation properties in high-speed

traveling-wave optoel ectronic devices will be mostly either in the slow-wave regime
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(for undoped or semi-insulating substrate) or the skin-depth regime (for doped
substrate). However, the presence of a doped substrate results in important added

loss, and must therefore be avoided. Slow-wave effects may be assumed to dominate

in this case.
1"(2)Zdz
'@ e > I*(z+d2)= 1*(2)- V*(z+d2)Ydz
— Z
: :
V*(2) i V+(Z+C®V Y i V*H(z+d2)= V*(2)- 1*(2)Zdz
dz

A
\

Figure 3.1: Equivalent circuit model for an electrical waveguide. Each section of
differential length dz may be modeled as a series impedance Zdz and a parallel
admittance Ydz. The voltage and current waves arriving to and leaving this section are
represented by full-line (voltage) and dashed (current) arrows, and their difference asa
function of the equivalent circuit elementsareindicated. Theimpedance per unit length
Z and admittance per unit length Y are, in general, frequency dependent.

The need for full-wave solutions of Maxwell’s equations may however be
circumvented. Good agreement between experimental results, full-wave solutions
and equivalent circuit models has been demonstrated, as long as the slow-wave
effects are represented through added loss in the semiconductor and metal (see for
example [3]). Apart from this difference, the same equivalent circuit used to model
guasi-TEM modes may be used. In order to find the equivalent circuit of an electrical

waveguide, we consider it divided into sections of differential length dz, as shown in
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figure 3.1. To each section, frequency-dependent impedance Z(w)dz and admittance

Y(w)dz are associated.

The evolution of the voltage and current waves of angular frequency w is

described by the following equations:

dv® _ .
& =-Z(w)] (3.6).
d” _ .
& =-Y(w)V (3.7).

Both equations may be combined into:

vt dz

L v I%dz” =Z(w)Y(w) 39).

dz?
The solutions of this equation are obviously of the form (3.1), where
dg (W) =Z (W)Y (w) (3.9).

The root with positive real part needs to be chosen. Otherwise, the electrical
signal would grow with propagation, which is not true for passive waveguides.

Inserting (3.9) into (3.1), and substituting into (3.6) and (3.7) yields

Z:(w)

- = (3.10).

_VE_Z(w) _ga(w)_ (Z(w)
1" gg(w)  Y(w) \Y(w)

For lines supporting TEM or quasi-TEM modes, the impedance Zdz is the result
of the series combination of an inductance Ldz and a resistance Rdz, whereas the

admittance Ydz is expressed as the combination in paralel of a capacitance Cdz and a
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conductance Gdz. This is schematically represented in figure 3.2. This figure aso
shows the modifications necessary to take into account slow-wave effects in

waveguides that allow modes traveling under this regime, which will be discussed

next.

Ldz Lepwdz

) m
—MW Z,dz
Cdz —
— Zdz
Gdz —_ CopfdZ
Zdz| ——

dz

< >

Figure 3.2: Equivalent circuit model for each section of differencial length dz in an
electrical waveguide supporting TEM or quasi-TEM modes (left). The equivalent
circuit features a series resistance Rdz and inductance Ldz, together with a parallel
capacitance Cdz and conductance Gdz. The equivalent circuit on the left allows the
description of slow-wave effects in high-speed optoelectronic devices featuring a
coplanar waveguide (CPW). The inductance Lcpy and capacitance Cepyy are identical to
the quasi-TEM regime model. The substitution of R and G by the metal impedance Z,,
and the transverse impedance Z; respectively, and the addition of the longitudinal
impedance Z, take into account added loss in the metal and semiconductor. These new
impedances are, in general, frequency dependent.

For a waveguide supporting quasi-TEM modes, the microwave propagation

coefficient and the characteristic impedance are given by

Z = M (3.12),
G+ jwC

Js =+(R+WL)(G+ jwC) (3.12).
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Note that if R=G=0, the characteristic impedance is purely rea, while the
microwave propagation coefficient is purely imaginary, i.e, the waveguide is

lossless. Moreover,

V= — (3.13),

i.e., the waveguide is non dispersive, since the phase velocity is independent on the
frequency. This corresponds to the ideal case where the metal is a perfect conductor,

while al other materials are perfect insulators.

Let us now consider the case of a traveling-wave optoel ectronic device where the
sow-wave effects dominate. For the purposes of this dissertation, the study will be
limited to that of devices featuring a coplanar waveguide (CPW). This transmission
line is ideally formed by a central strip that carries the signal, and two ground half-
planes at either side. Thiswaveguide alows for device fabrication on semi-insulating
substrates, with the consequent reduction of microwave loss. Furthermore, it is
suitable for easy interconnection for integration, or for packaging with unbalanced
high-speed connectors such as V- or K- [4]. This transmission line has been used to
produce traveling-wave photodetectors with bandwidths up to 172GHz in GaAs [5]
and sub-picosecond impulse response in traveling-wave detectors with low-

temperature-grown GaAs absorption regions [6].

Given the width wy, and thickness t, of the central metal strip of a CPW, as well
as its magnetic permeability my, and resistivity r,, the impedance per unit length

Zx(w) associated to this metal linein aslow-wave regimeisgiven by [7]
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_ 1 /jW|”n € .\ t, U
7 =—— |[—™cothg1l 3.14).
m(W) W\ S, © g( +J)ds(W)H (3.14)

The inductance and capacitance per unit length, however, do not change. For the
particular case of a CPW, they can be found through conformal mapping techniques

(seefor example [1], pp. 175-180 and 886-910), resulting in

K(k
_m K(k)
I-CPW - 4 K(k) (316)1

where the parameters k and k' are defined as functions of the metal width wy, and the

width of the gap between the signal strip and the ground planes wy by

k=—Tm__ (3.17),
Wiy + 20,

k'=+1- k? (3.18),

and K(K) is the complete elliptic integral of the first kind,

K(K)= g— (3.19).

00\/1- k?sin’q

The effective dielectric permittivity es may be assumed to be

(3.20),
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where € is the relative dielectric permittivity of the substrate. An exact solution
would require the averaging of the permittivity of the different semiconductor layers.
However, given the relatively small variation of this parameter with the aluminum
composition (13.2 for GaAs, 12.5 for Alo2GaypsAs, as seen for examplein [8], p. 12),

and the predominance of GaAs in the substrate, we may assume =13, and therefore
Ecff=1.

Finally, and as mentioned earlier, the loss in the semiconductor needs to be taken
into account. Assuming a semiconductor cladding of width we, thickness t., dielectric

permittivity e and resistivity r ¢, its contributions to the longitudinal and transverse

impedance per unit length, Z and Z; respectively, are given by [9]

c (3.21),

Z (w) =

=__c (3.22).
W, 1+ jwe.r .

These equations assume homogeneous current distribution, and do not consider
possible device symmetries. These will be taken into account for the particular cases
presented later on in this chapter. Note that the contribution from Z, will appear in
parallel with the inductance Lcpw and the metal impedance Z,, whereas the transverse
impedance Z; will substitute the parallel admittance G, being therefore in parallel also
with the capacitance Ccpw. In series with Z;, however, the capacitance C; introduced

by the intrinsic active region (assumed to act as an insulator) will be also present.
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Given the width wi, thickness t; and dielectric permittivity g of the active region, this

capacitance per unit length is given by

Ci =e

w
T (3.23).

The final equivalent circuit described is shown in figure 3.2. It is noteworthy that
the transverse impedance associated to the semiconductor cladding layers may be

written as the parallel of aresistance R. and a capacitance C., written in the following

form:
t
=r.—~<% 3.24);
Ro=r e (3.24)
C, =6, (3.25).
tC

R./dz is the DC resistance that would be calculated for vertical conduction of
current through the cladding, whereas C.dz would be the capacity of a parallel-plate
capacitor with horizontal plates, filled with the cladding material, and with its same
dimensions. In other words, the slow-wave effect may be fully described by taking
into account the skin effect and dissipation loss in the metal, as well as an added
capacitive loading due to the presence of the semiconductor layers. The result of this
additional capacitive loading will be a slower propagation velocity and higher
microwave loss. The intuitive explanation of this double behavior may be that, since
the resistivity of semiconductor materials is in the range between conductors and

insulators, their behavior will share part of both. Obviously, the higher the cladding
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resistivity, the closer its behavior will be to that of a capacitor, as evidenced in

equation (3.22).

In summary, the microwave propagation characteristics in generic traveling-wave
optoelectronic devices have been presented in this paragraph. More specifically, the
slow-wave regime has been argued to dominate in these devices. The need to find
full-wave solutions of Maxwell’s equations in order to describe their high-speed
behavior is circumvented through the use of an equivalent circuit model. This model
takes into account the slow-wave effects through loss in the metal and semiconductor.
The semiconductor introduces also capacitive loading, which will furthermore slow

down the electrical propagation.

In the next paragraphs, the microwave propagation characteristics for TAP
detectors will be calculated using the generic method shown above, for the particular

device configurations studied in this dissertation.

Microwave propagation in TAP detectors with alternating
amplification and absorption

In this paragraph, the microwave propagation characteristics of TAP detectors

with aternating gain and absorption will be smulated and discussed.

TAP detectors with alternating gain and absorption present an inhomogeneous
waveguide, i.e., the geometry and characteristics of the waveguide vary along the
device. Thisisshown in figure 3.3, through a schematic representation of a top view

and two cross-sections taken at the gain and absorption sections.
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wavelength.

length must therefore be much smaller than this length.
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Figure 3.3: TAP detector with alternating gain and absor ption: schematic top view (top)
and cross-section at the absorption section (bottom, position indicated by the dash-
dotted line on thetop view. In the gain section, the waveguide behavior correspondsto a
quasi-TEM regime (the CPW signal electrode does not touch the doped semiconductor),
wher eas slow-wave effects dominate in the absor ption section. Dimensions and material
characteristics areindicated.

Reflections may occur at each one of the discontinuities in the waveguide

configuration. The combination of these reflections may result in undesired resonant

behavior if the period length isin the order of, or much larger, than the electrical field

approximately 3mm, results in a guided half-wavelength around 500mm. The period
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resonant behavior, we may choose to limit the period length to 50mm. This explains
the use of said value in the simulations of TAP detectors with aternating gain and

absorption presented in chapter 2.

The periodicity of the transmission line may be used to simplify the calculation of
the microwave propagation characteristics associated to it, as described in appendix
B. This requires first the modeling of each one of the sections involved. We will
assume that the differences between the behavior of the gain and isolation sections
are negligible and that the entire period is made of an absorption section of length I,

and again section of length 50mm- |,.

Let us now express, as a function of the parameters indicated in figure 3.3, the
different equivalent circuit elements shown in figure 3.2, for the particular case of the
absorption section. The metal impedance Zn(w), the capacitance Ccpw and
inductance Lcpw associated to the CPW and the capacitance of the intrinsic absorption
region C; are given by equations (3.14), (3.15), (3.16) and (3.23), respectively. The
longitudinal impedance Z, which is real and frequency-independent, is written in the

following form

i:\Nltp +W|tn +(W| + 2wy +2V\4n)ts
Z 3r, 3r 3r

(3.26),

n S

where Wy, is the transfer length of the n-contact, given by
_ rnctn
W, = /— (3.27),
r n
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where ryc is the characteristic resistance of the n-contact. Factors of 3 have been
introduced in (3.26) to account for the spatial current distribution. Note that the
bottom cladding has been divided into two parts for modeling purposes, the top one
having the same width as the intrinsic active region, the bottom one being in principle
infinite in width. The subscript sis used for the latter, in order to differentiate it from
the former. We may refer to the bottom part of the n-doped cladding as doped

sublayer or conductive sublayer.

The transverse impedance Z; is written in the following way:

Zn)= kg ele T,y
Woglt jwepr oo 1+ jwepr o 1+ jwegr, g (3.28)
+i&wd+wt +ﬂ9 _rn
2tsb8 6 gl+ jwe,r,

where tpc and r ¢ represent the thickness and resistivity of the p-contact. We may
assume tpc=10nm, and calculate rp. from the thickness t,. and the characteristic
resistance for the p-contact, ry, estimated at 5 10 ®°Wem?. A factor of 3 has again

been introduced to describe the spatial current distribution, while factors of 2 take

into account the device symmetry.

The equivalent circuit model for the gain region is a ssimplification of the one
shown in figure 3.2, since the capacitance C;, and the longitudinal and transverse
impedances Z; and Z are not present, because the signal-carrying electrode of the
CPW does not come in touch with anything other than the insulating PMGI. The

impedance Z,, the inductance Lcpw and the capacitance Ccpw are thus all that
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remains, the loss introduced by the insulator being neglected in comparison with the
loss introduced by the metal. The loss introduced by the semiconductor in the
absorption region, averaged over the entire period, will also be much higher than the
loss introduced by the insultator in the gain region. Note however that the signal
electrode width wi, is different than in the absorption region. The appropriate, smaller
value needs thus to be used in the calculation of the propagation characteristics of the
gain region.

Let us now introduce the default values chosen for the different parameters shown
in figure 3.3. The signal electrode will present a thickness of t,=1.5mm and the
resistivity of gold (r ,=2.3340 ®Wem). Its width in the gain region will be assumed to
be 2mm. A gap wg=2mm wide will exist between signal and ground electrodes. We
will allow the intrinsic region width w; to vary between 2 and 4nm, resulting in a
metal width in the absorption region of 6-8nm. The thickness of the p-cladding,
intrinsic, n-cladding and n-doped sublayer will be t,=600, =200, t,=200 and
ts=600nm respectively. The resistivity of the doped claddings will be assumed to be
r ,=0.02\Wem, r ,=0.005\\em, r =0.002Wem. The sublayer is assumed to present a
higher donor concentration than the fraction of the n-cladding immediately below and
having the same width as the active region. Thisis agood compromise between high

doping to achieve low resistance, and low doping close to the active region to avoid

free-carrier absorption. Finally, the characteristic resistance for the n-contact will be
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taken as rn.=10 °Wem?. The length of the absorption region I, will be assumed to

change from 3 to 5nm.

Using the previous vaues, the propagation characteristics of the gain and
absorption region may be calculated. As described in detail in appendix B, the
voltage-current transmission matrix or ABCD matrix may be used to express the
overall microwave propagation characteristics as a function of those of the gain and
absorption sections, since the ABCD matrix describing the sequence of two different
waveguides is equal to the product of their respective ABCD matrices. The matrix

elements are related to the propagation characteristics by the following equation:

A Bt_)_gecosh(gel L) Z.sinh(gq L)?

- 1 . -
&C Dj éz—smh(gdL) cosh(ggl) =
2

C

(3.29).

The so obtained overall microwave propagation characteristics are shown in

figures 3.4-3.5.

The microwave loss is described by the field attenuation coefficient, defined as
the attenuation in decibels (dB) suffered by the field for a given device length,

typically 100nm.
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Figure 3.4: Simulated microwave propagation characteristics in TAP detectors with
alternating gain and absorption, for different absorption section lengths and intrinsic
region widths: real and imaginary parts of the characteristic impedance (top), field
attenuation coefficient (bottom left) and phase microwave phase velocity (bottom right).
The period length is 50mm. The absorption section length is 3mm (full lines), 4nm
(dashed lines) and 5nm (dotted lines). Theintrinsic region width is 2, 3 and 4nm. All
other dimensions and all material parameters are default as described earlier in this
section. The arrowsindicate the direction of increasing intrinsic region width.

Figure 3.4 shows that the overall microwave propagation characteristics of TAP
detectors with aternating gain and absorption may be compared to those of a
capacitively-loaded transmission line. This capacitive load is introduced by the

presence of the semiconductor material under the signal-carrying electrode in the
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absorption region. The effect of this capacitive load increases, as seen in figure 3.4,
with both the length and the width of the absorption region. It manifests itself in a
reduction of the characteristic impedance and propagation velocity, and an increase in
the propagation loss, as the surface of the “load capacitor” (intrinsic absorption

region) grows.

It is noteworthy that both velocity matching to the optical propagation and
impedance matching to 50W are simultaneously possible. This occurs for an intrinsic
region width of ~2mm, and an absorption section length of 3-4nm. In chapter 2, this
range of absorption section lengths was argued to provide also cancellation between
gain and absorption for realistic values of the amplification section gain. These three
conditions may therefore be met at the same time, providing optimum device
performance, both DC and high-speed. This advantage of TAP detectors with
aternating gain and absorption was first presented in [10], while the simulation
method for the microwave propagation characteristics of these devices was first

discussed in detail in [11].

One additional degree of freedom in the design that helps meet the three
conditions simultaneously is the thickness of the intrinsic region. Figure 3.5 shows

how changes in this parameter affect the microwave propagation characteristics.
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Figure 3.5: Simulated microwave propagation characteristics in TAP detectors with
alternating gain and absorption, for different values of the intrinsic region thickness:
left: real part (full lines) and imaginary part (dashed lines) of the characteristic
impedance; right: field attenuation coefficient (full lines) and phase velocity (dashed
lines). The period length is 50mm, the absorption section is 4mm long and the intrinsic
active region 3mm wide. All other values are default, producing for an intrinsic region
thickness of 200nm the results shown in figure 3.4. The optical phase velocity
(horizontal dash-dotted line) is shown in the microwave phase velocity graph for
comparison. The full and dashed line arrows indicate the direction of increasing
intrinsic thickness for the full and dashed line plots, respectively.

Comparing figures 3.4-3.5 shows that increasing the active region thickness in the
absorption region (increasing the “load capacitor” thickness) has a similar effect in
the microwave propagation characteristics as decreasing the absorption section length
in each period. However, the former results in an increase in the confinement factor
in the absorption region, thus reducing the net gain per period, while the latter
decreases the absorption suffered by the signal in each period, increasing the net gain
per period. Therefore, the net gain per period may be tailored while leaving the

microwave propagation characteristics unchanged, or vice versa.

The microwave propagation characteristics of TAP detectors with aternating gain

and absorption have been modeled and discussed. It has been shown that
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simultaneous velocity matching and impedance matching to 50W is possible in these
devices, occurring for values of the absorption section length that result in
cancellation between gain and absorption in each period for redlistic values of the
material gain in the amplification section. Furthermore, the active region thicknessin
the absorption region allows us to independently vary the microwave propagation
characteristics and the net gain per period. Thisisavery important advantage of TAP
detectors with alternating gain and absorption, since their DC and high-speed

behavior may be optimized simultaneously.

In the next paragraph, the microwave propagation characteristics of TAP

detectors with vertical coupling will be explored.

Microwave propagation in TAP detectors with vertical
coupling

In this paragraph, the microwave propagation characteristics of TAP detectors

with vertical coupling will be simulated and discussed. Figure 3.6 shows a schematic
cross-section of a TAP detector with vertical coupling, together with the equivalent

circuit describing the microwave propagation in this device.

The transverse impedance associated to the claddings is divided into two parts, in
parallel with one another, to describe the two possible paths of the current from the
detector to ground. Z, accounts for the lateral conduction path through the n-type

cladding, whereas Z, describes the effect of vertical conduction through the n-type
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cladding and the amplifier active region, followed by lateral conduction through the

p-type doped sublayer.
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Figure 3.6: Schematic cross-section of a TAP detector with vertical coupling (top) and
equivalent circuit model for microwave propagation (bottom). The cross-section is
taken on a plane perpendicular to the direction of propagation of light. The dimensions
of the different regions are indicated, as well as their relevant material properties
(resistivity and permittivity). The equivalent circuit features the different parameters
describing the behavior of high-speed optoelectr onic devices under a slow-wave regime.

Note that, in the case of Z,, the width for vertical conduction has been identified

with the detector width wy, defined by its top metal contact, but no impedance has
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been associated to the amplifier intrinsic region, since the differential resistance of a

forward-biased diode is very small, while the oxide behaves as a perfect insulator.

The metal impedance Zn(w), the capacitance Ccpw and inductance Lcpw
associated to the CPW and the capacitance of the intrinsic absorption region C; are
given by equations (3.14), (3.15), (3.16) and (3.23), respectively. The rest of the
elements need to be described as follows:

wt, Wt +(Wr +2w +2w[p)tS

i: rn o4
R 3r, 3r 3r

(3.30),

P S

lo @,

1
Z = __n
(W) 2t 1+ jwr e, & 6

5
Wy + Wy, p (3.31),

rt rt
7 — n-n + p-p
» (W) W, (1+ jwr &) w, (1+ jwr pep)

+i .rs %"_Wg +W, +Wy +th2
2t 1+ jwr sesg 6 7]

(3.32),

where w,=wm+2wg+2w is the ridge width, and wy, and wy, are the n- and p-contact
transfer lengths, defined as in (3.27). In (3.30)-(3.32), note that thickness and width
are exchanged for the layers where the conduction is lateral rather than vertical.
Factors of 2 have been introduced to take into account the device symmetry, whereas

factors of 3 are used to describe the effect of non-uniform spatial current distribution.

The default values for width, thickness, resistivity and permittivity used in the
simulation of the microwave propagation characteristics in TAP detectors with

vertical coupling correspond to device geometry and material properties of fabricated
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TAP detectors with vertical coupling that produced experimentally and external
quantum efficiency in excess of 200% [12]. The epitaxial structure used in these
devices will be described in more detail in chapter 6. The signal electrode width and
thickness are respectively wy,=3nm, t,=1.5mm, while its resistivity is assumed to be
r v=2.340 ®Wem (corresponding to gold). Note that the width of the signal electrode
is also the width of the detection region. The intrinsic absorption region is t;=300nm
thick, while its relative permittivity is €=13.2 (corresponding to GaAs). All other
permittivities are taken as for Alg,GaggAs, i.e., e=e,=es=12.5. The gap between
signal and ground electrodes, the width of the contact to the n-type cladding and the
distance between the ridge and the contact to the p-type cladding are wg=we=wg=2mm.
The thickness of the n-type cladding, p-type cladding and p-doped conductive
sublayer is t,=700nm, t,=300nm, ts=400nm, while their resistivity is r ,=0.005\\cm,
r ,=0.05\\em, r =0.01\Wem, respectively. The lower resistivity of the p-doped
sublayer with respect to the p-type cladding is a consequence of a design
incorporating lower doping close to the gain active region, in order to avoid free-
carrier absorption. Finally, the characteristic resistances of the contacts to the n- and
p-doped claddings are respectively r,=10"°Wem?® and r,=540 ®Wem?.  Results
obtained for these parameter values, while letting the absorption region width vary

from 2 to 4nm, are shown in figure 3.7.
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Figure 3.7: Microwave propagation characteristics in TAP detectors with vertical
coupling, for different values of the intrinsic region width (equal to the signal electrode
width w,): left: real part (full lines) and imaginary part (dashed lines) of the
characteristic impedance; right: field attenuation coefficient (full lines) and phase
velocity (dashed lines). All other parameterstaketheir default values as detailed earlier
in this section. The optical phase velocity (horizontal dash-dotted line) is shown in the
microwave phase velocity graph for comparison. The arrows indicate the direction of
increasing intrinsic.

Unlike in the case of TAP detectors with vertical coupling, it is clear from figure
3.7 that, for redlistic dimensions and material properties, velocity and impedance
matching are not easily achieved in TAP detectors with vertical coupling.
Furthermore, comparing 3.4 and 3.7 alows us to conclude that the attenuation per
unit length will be much larger in the case of TAP detectors with vertical coupling.
This is a direct consequence of the uninterrupted interaction of the electrical
waveguide with the doped semiconductor layers in TAP detectors with vertica

coupling.

The microwave propagation characteristics of TAP detectors with aternating gain
and absorption and with vertical coupling have thus been modeled in this section.

TAP detectors with alternating gain and absorption present lower propagation loss

158



than TAP detectors with vertical coupling. The former allow also for simultaneous

velocity and impedance matching. Thisis not easily achieved in the latter.

In the next section, a distributed photocurrent model will be used to model the
frequency response of TAP detectors, based on the microwave propagation

characteristics presented in this section.

Distributed photocurrent model

In this section, the distributed photocurrent model used in the anaysis of the
bandwidth of TAP detectors will be introduced. The frequency response of traveling-
wave detectors in general needs to be calculated by using a distributed photocurrent
model, where the device is divided into small segments of length dz along the
direction of propagation of light. Each segment will produce a certain amount of
current, which then will propagate along the device traveling-wave electrodes with a
certain velocity, while suffering microwave attenuation. Upon reaching the input or
output end of the device, microwave reflections due to impedance mismatch will
occur. The effect of these phenomenain the generated photocurrent needs to be taken
into account. This effect will be different for the current generated in each segment,

depending on its position along the device, and on the total device length.

Propagation of optical and electrical signals

Let us assume that a traveling-wave detector (with or without optical

amplification) is fed with a short pulse of light. Asthe pulse travels along the device,
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photocurrent gets generated. Both the optical signal and the generated current change
as they travel, due to the presence of gain, absorption and loss, as well as due to a
non-zero travel time. The most common way to express that change is using the

propagation coefficient g=a+jb, through the following relations:

Fopt (Z) = Pt (0) g 9m? = —hr‘f” g dmZglPum? (3.33),
(o]
dl o, fwt,out (2) = 1 pn, e (2) €7 (t-2) (3.34),

where both optical and electrical signal are assumed to travel from lower to higher
values of z, Pj, is the power contained in the input optical signal, n, its centra
frequency, h¢ the input optical coupling efficiency, dlphwd(2) denotes the forward-
traveling photocurrent generated in a differential element of length dz around position
z, dlphwa,out(2) 1ts contribution to the total photocurrent collected at the output, and the
device is assumed to extend from z=0 to z=L. The optical attenuation ayp iS not to be
confused with the material absorption in the detection region a. In TAP detectors,
the optical attenuation has the same magnitude as the net modal gain Dg and opposite

sign:
8 (2)=-D9(2) =G, () (2) +1- Gy (2)o(2) (335)

where as aways G, and G, are the mode confinement factors in the absorption and
gain regions, respectively, a and g are the material absorption and material gain in the

detection and amplification regions, respectively, and | is the optical loss. Since the
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electrical bandwidth of most optoelectronic devices is very small compared to their
optical bandwidth, we may assume that for all frequencies of interest the optical
attenuation is constant, and so is the phase velocity v opt, resulting in

n,+w
Dgpe (W) = mv# (3.36).
p,opt

The forward-traveling photocurrent that is generated in an element of length dz
around position z generates thus a contribution at the device output that may be

written asfollows;

1 - el ~ Yopt
g o (2) =5 1 P (0) €4y (2)a ()% ez (337)
where the photocurrent generated at a certain position is assumed to be divided

equally between forward- and backward-propagating contributions.

The backward-propagating photocurrent generated in the same interval, assuming
a perfect electrical reflection created by a perfect open circuit at the device input (i.e.,
at z=0), will generate a contribution dlphpekout(2) @ the device output that may be

written as:

LRy (0)e %G, (2)a (2)e lorslg,  (3.39)

1

dl ph,bck,out (Z) = E

Integrating (3.37) and (3.38) over the device length, and adding both
contributions, we find the output photocurrent in the case where no reflections exist at

the device output. Note that the previous equations take into account both electrical

propagation loss (through gy) and velocity mismatch between forward- and

161



backward-propagating electrical and optical waves (through the exponent gu- Gopt In
(3.37)). The total frequency-dependent photocurrent for a device of length L may

then be written in the following form:

h.R - g, (w L\ s (W)- gy, (W))z
Iph(w):mi c2|n r (W)egd( )Ld-;a(z)a (Z)e(g( )- G (W)) dz
0 0
L

+ 8NP ()2t o (7)a (2)e Ot oo,
m, 2 :

The factor r(w) is introduced to model the effect of a possible impedance
mismatch between the load and the device, resulting in multiple reflections as shown

schematically in figure 3.8.

4 dl o (2 T >
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Figure 3.8. Propagation of the generated photocurrent in a generic traveling-wave
detector. The microwave propagation velocity and loss ar e taken into account through
the propagation coefficient gy. A perfect open circuit is assumed at the device input.
The mismatch between the load impedance Z, and the characteristic impedance of the
line Z., causesafraction T of the electrical current to betransmitted, and a fraction Gto
bereflected at the device output. The effect of all these phenomena is calculated for the
photocurrent generated in an element of differential length dz. Both forward- and
backwar d-propagating contributions (denoted respectively by dlghma(2) and dl g pe(2))
from all such elements are added to find the frequency response of the detector.

Forward-traveling photocurrent will arrive at the device output without suffering

any reflection. Backward-propagating photocurrent will arrive at the same position
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after suffering atotal reflection at the device input. These two contributions will then
be partially collected, with a frequency-dependent transmission coefficient T. The
reflected photocurrent will then travel an entire roundtrip around the device,
reflecting at the input, until arriving again at the output, where partial transmission
and reflection will occur again, and so and so forth. The result of these successive
transmissions and reflections may be expressed indeed by a factor r (w), which is

equal to the sum of an infinite geometric progression:

n+l

1- (Ger 2t
r(w)=T+Te 2 G+Te G +...= I(i@rg 1( o )L
n - el
(3.40).

T(w)
1- G(w)e M)

The n-th term in this geometric progression (T being the 0-th) accounts for the
photocurrent that exits the device after n complete roundtrips in the electrical
waveguide, i.e., after n reflections at the output before finally being collected. It has
been assumed that the real part of gy is positive, i.e., the electrical waveguide islossy.
This is true in most conventional traveling-wave devices. As shown in appendix B,
the frequency-dependent current transmission and reflection coefficients at the device

output, denoted by T and Grespectively, are defined as

2Z

T=—"-—%_ (3.41),
Z +Zy

Ll L (3.42).
Z +Zy
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Z, is typicaly, athough not necessarily, equal to 50W, but the characteristic

impedance of the electrical waveguide s, in general frequency-dependent.

The combination of equation (3.39) with the multiplication factor (3.40) provides
a good description of the effect of the propagation of the optical and electrical signals
in atraveling-wave detector, taking into account, as mentioned during this paragraph,
the microwave propagation loss, the velocity mismatch between the optical and
electrical signals, the impedance mismatch between the device and the load, and the
presence of forward- and backward-propagating electrical signals. Once the
frequency-dependent photocurrent has been thus calculated, dividing it by the input
optical power would produce the transfer function H(w) of the device. The 3dB-
bandwidth is found as the frequency for which the magnitude squared of the transfer
function (expressed as electrons of photocurrent generated by each photon in the
input signal) falls below half the value of the external quantum efficiency sgquared.

We may therefore define a normalized transfer function Hp(w), as

m |pn(w
Hn(W)ZE%
n
L
= 2}::(7 1 &T_ 20,0 e gqL (\f;a(z)a (Z) e(gd'gopt)zdz (343)
et = 0
h T - dLL\ -(gd+gom)z
+21:xt 1- c;e-ZQdLegJ ?Ba(z)a(z)e dz

The frequency-dependence of Gy, Gopt, T and G is not explicitly shown for

simplicity in the notation. The device 3dB-bandwidth (or simply bandwidth) fsgs is
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thus given by the frequency value for which the magnitude squared of the normalized

transfer function falls to one half:

|Hn(29 f3dB)|2 :% (3.44).

In the next paragraphs, the microwave propagation characteristics described in the
previous section will be used to model the frequency response of TAP detectors and

calculate their bandwidth.

Freqguency response of TAP detectors with alternating
amplification and absorption

In this paragraph, the frequency response of TAP detectors with aternating gain
and absorption will be modeled and discussed, by applying the distributed

photocurrent model to this particular case.

Integrating (3.37) and (3.38) over the n-th absorption section (out of atotal of N),
and denoting the net gain per period by DG and the efficiency of each absorption
region by h®, we find the contribution from this section to the total forward- and

backward-traveling photocurrent collected at the output:

Dl g, fwet, ot (N) = %hch ¥ % Rne (N2 - 1e(gd b0 (- e (3.45),

1

Dl ghpek,out (1) = Ehch @ % R.e * (N-Ble g1 (9 100s )1 e (3.46).

The normalized transfer function may therefore be found by adding respectively

(3.45) and (3.46), for n=1,...,N, subsequently multiplying their sum by the coefficient
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describing the effect of multiple roundtrips, r (w), and dividing the result by the input

optical power and the external quantum efficiency:

0, Sy gl
Hy (W) = o (w)e ) g (0u- 1y ) * {02+ 1Dy ) p
o & pael% ol -1 pag (O tibm)w g g

(3.47).

Using the microwave propagation characteristics found in the previous section,
the frequency response of TAP detectors with alternating gain and absorption was
caculated. The effect of the number of periods and net gain per unit length in this
bandwidth was explored. In al simulated results presented in the rest of this section,
the absorption section length is 4nm long, and the absorption active region is 3nm
wide. Consistently with the values used in chapter 2 for the calculation of the DC
characteristics of these devices, the coupling efficiency is assumed to be 50%, the
confinement factor in the absorption region 40% and the material absorption
9000cm !, Figure 3.9 shows the magnitude squared of the normalized transfer

function for different values of the number of periods and the net gain per unit length.

166



N=4,6,8,10 ]

~
=
>

n

210

12 =

14 -

Magnitude squared of the normalized
transfer function [H (w)[* (dB)
&

I L S
0 50 100 150
Freguency (GHz)

-16

Figure 3.9: Simulated magnitude squared of the normalized transfer function of TAP
detectors with alternating gain and absorption, for different values of the number of
periods N. The net gain per period DG is 1 (full lines), 0.5 (dashed lines) and 2 (dotted
lines). The absorption section length is 4nm long, and the width of the active region is
3nm. The microwave propagation characteristics for this device are found in figures
3.4. The termination at the output is 50W. The arrow indicates the direction of
increasing number of periods.

Two main mechanisms contribute to limit the bandwidth. One of them is the
microwave attenuation. The other one is the phase difference between the forward-
and backward-traveling photocurrent contributions, added at the device output. As
the frequency increases, both components add in phase (for very low frequencies),
then in opposition (creating a dip in the frequency response), again in phase, and so
and so forth. The evolution of this phase difference as a function of the frequency is
accelerated by an increase in the device length, i.e, in the number of periods.
Furthermore, an increase in the net gain per unit length causes most of the

photocurrent to be generated close to the output of the device. The relative path
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length difference between both components is thus increased for larger values of the
net gain per unit length, contributing to a faster decay in the frequency response.
These effects clearly show in figure 3.9, through the different dips and secondary
peaks in the frequency response. The envelope of al the secondary peaks
corresponds to the loss-limited response when the phase delay between the different

photocurrent contributions isignored.
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Figure 3.10: Simulated efficiency-bandwidth product (full lines, solid symbols) and
bandwidth (dashed lines, empty symbols) of TAP detectors with alternating gain and
absorption as a function of the net gain per period DG for different values of the number
of periods N. The absorption section is 4mm long, and the width of the active region is
3nm. Theinput coupling efficiency is assumed to be 50%, the confinement factor in the
absorption region 40% and the material absorption 9000cm™'. The microwave
propagation characteristics for this device are found in figure 3.4. The full and dashed
line arrows indicate the direction of increasing number of periods for the full and
dashed plots, respectively.

As mentioned in chapter 1, the efficiency-bandwidth product is an important

figure of merit for photodetectors in general. This figure of merit is shown in figure
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3.10, together with the device bandwidth, as a function of the net gain per period and

for different number of periods.

Even in the absence of an initial amplification region, efficiency bandwidth
products in the order of 1THz are possible in TAP detectors with aternating gain and
absorption. As expected from figure 3.9, the bandwidth decreases with the number of
periods and the net gain per period. However, the efficiency bandwidth product
increases with these two parameters except for small values of the net gain per period,
I.e., an increase in the net gain per period results in the efficiency growing by a factor
larger than the factor by which the bandwidth decreases. For very small values of the
net gain per unit length, most of the photocurrent is generated close to the device
input, reducing the effect of the addition out of phase of the forward- and backward-
propagating photocurrent components. As the net gain per period increases, this
effect becomes more important, since photocurrent is generated now along the entire

device.

Note also that the 3-dB bandwidth remains over 40GHz for 6 periods or less.
Finaly, it is aso interesting to realize that the bandwidth efficiency product is very
similar for al different values of the number of periods when the net gain per unit
length is closeto 1. Thisis due to the fact that, in that particular case, the efficiency
grows approximately linearly with the number of periods, while the bandwidth is

inversely proportional to the device length.
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The bandwidth limit may be increased by terminating the device at input and
output by 50W loads, and subsequently adding the currents collected at both ends.
The device bandwidth may thus be increased without any detriment in the efficiency.
The backward-propagating current would in this case suffer areflection Gat the input
(assumed identical at input and output), while afraction T is collected. The forward-
traveling photocurrent reflected at the output, and the backward-traveling
photocurrent reflected at the input would now propagate towards the input and the
output, respectively, suffering partial reflection and partial collection, and so and so
forth. The coefficient r (w) that describes the effect of multiple reflections needs
therefore to be modified into

T (w)

r(w)=T+Te %" G+TGe " +..= -
1- G(w)e 9. ()

(3.48).

The total collected photocurrent generated by the n-th section is then found by
multiplying this modified roundtrip coefficient by the sum of the forward-traveling
photocurrent that arrives to the output Dlphiwdos and the backward-traveling
photocurrent that arrives to the input, both taken prior to any reflection. The former

isexpressed in (3.45). The latter, denoted by DI pn pekin, 1S Written as follows:

1

-1 - e|+'bOpt - |per
Dl ek out (n) zahch(l) % R.DG™'e (64 102 (3.49).

This equation takes into account the propagation of the optical signal from the
device input to the n-th detection section, and the propagation of the generated

photocurrent back to the device input. Equation (3.49) may be again added for
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n=1,2,...,N to take into account contributions from all detection sections. Together
with the contribution from the forward-traveling photocurrent, we can write the
normalized transfer function in the case where both input and output are terminated
by the loads of the same value in the following form:
h h(l) Te 9a (N-1)l DGNe (gd- jbom)NIper -1
Hy(w) ==

Z’lext 1- Ge gd(N'l)per me(gd [0 g )pe' -1

+hch(1) T DGN (gd"'lbopt)NIper -1
Z]ext 1- @'gel(N-l)Ipef DGe (gei+Jbopt)|per -1

(3.50).

The first and second terms in the right hand side of (3.50) describe the
contribution from all initially forward-traveling photocurrent and all initialy
backward-traveling photocurrent, respectively, collected at either input or output, and
after any number of reflections. The magnitude squared of this new normalized
transfer function is plotted in figure 3.11, for different values of the number of

periods and of the net gain per period.
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Figure 3.11: Simulated magnitude squared of the normalized transfer function of TAP
detectors with alternating gain and absorption terminated at input and output, for
different values of the number of periods N and of the net gain per period. Both
terminations are 50W. The net gain per period DG is 1 (full lines), 0.5 (dashed lines) and
2 (dotted lines). The absorption section length is 4nm long, and the width of the active
region is 3mm. The microwave propagation characteristics for this device are found in
figure 3.4, and the response with open circuit at theinput in figure 3.9.

Note that in this case the plots for values of the net gain per period whose product
is one overlap nearly perfectly. This makes perfect sense intuitively if the effect of
velocity matching is neglected, since the device being now fully symmetric because
of the equal loads at input and output, the same response normalized to the external
qguantum efficiency is obtained by coupling into the device an optical signal with
power P, when the net gain per period is DG, and an optical signal with power
DG" 'P;, when the net gain per period is /DG. The fact that these curves overlap so
closely allows us to defend once more that the effect of velocity mismatch in TAP

detectors with alternating gain and absorption is negligible.
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The dips in the frequency response shown in figure 3.9 have not disappeared
indeed, but their effect has been substantially mitigated, the first dip in each curve
appearing now at a higher frequency. The fact that they still exist, however, clearly
indicates that the phase difference between forward- and backward-propagating
photocurrent contributions, whether collected at the input or at the output of the
device, is till the mgor factor limiting the bandwidth, followed by microwave
attenuation. It is also interesting to note that even though the peaks shown in figure
3.11 for devices terminated at both ends reach lower values than those shown in
figure 3.9 for devices with an open circuit at the input, these peaks actually happen
for higher frequencies. The envelope of these peaks, i.e., the loss-limited frequency
response without taking into account the relative phase delay of the different
photocurrent contributions, would actually be higher than in the previous case. This
is due to the fact that the generated photocurrent needs now to propagate for a lower

distance inside the device before having the possibility of being collected.

The improvement in the bandwidth without detriment in the efficiency produces

higher values of the efficiency-bandwidth product, as evidenced in figure 3.12.
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Figure 3.12: Simulated efficiency-bandwidth product (full lines, solid symbols) and
bandwidth (dashed lines, empty symbols) of TAP detectors with alternating gain and
absorption as a function of the net gain per period DG for different values of the number
of periods N. The absorption section is 4mm long, and the width of the active region is
3mm. Theinput coupling efficiency is assumed to be 50%, the confinement factor in the
absorption region 40% and the material absorption 9000cm:. The microwave
propagation characteristics for this device are found in figures 3.4. The efficiency-
bandwidth product for these devices with an open circuit termination at the input are
shown in figure 3.10.

In figure 3.12, the net gain per period has been plotted in a logarithmic scale.
This shows that the spatial symmetry of the device, now that both input and output
are terminated, produces the same bandwidth for any two values of the net gain per
period whose product is one. As argued earlier, this is compelling evidence that
velocity mismatch is not an important factor in the device bandwidth. The optimum
bandwidth is obtained when gain and absorption exactly cancel out in each period.
Again, this is clear evidence that the main limiting effect is once more the phase

difference between the different contributions to the total photocurrent. This phase
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difference is indeed larger for the contributions generated at either end of the device,
and shows its effect more importantly when either optical absorption or gan
dominate. These situations are equivalent to a device featuring one single
photocurrent source, located respectively at the input or at the output of the device.
Neglecting the effect of reflections at input and output because of impedance
mismatch, the total photocurrent would then be the sum of two contributions, one
collected close to the source, one collected after having traveled haf a roundtrip

along the device.

Another aspect of great interest shown in figure 3.12 is that efficiency-bandwidth
products as high as 1THz are possible with devices featuring 6 periods, and a net gain
per period under 2. Since the first section in the device provides absorption, and due
to the 50% input coupling efficiency, this situation is thus obtained for a peak power
in the device in the order of 10 times higher than the input optical power. With an
initial amplification section, 10THz efficiency-bandwidth products may be reached
with input optical powers about 100 times larger than the input optical power. Thisis
not unreasonable for input signals in the order of 1mMV. The penalty to pay for these

advantages is a higher device complexity.

Finally, and before making the concluding remarks for this paragraph, note that
the device characteristics chosen for the simulation of the efficiency-bandwidth
product (intrinsic region width of 3mm, absorption section length of 4nm) are not
those that provide either optimum impedance and velocity matching, or lowest

propagation loss, but rather an average of the ensemble considered in figures 3.4.
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They are, however, those most redlistically promising to achieve the compensation
between gain and absorption in each period for a significant efficiency of each

detection section.

In summary, the bandwidth of TAP detectors with aternating gain and absorption
has been modeled and discussed. It has been shown that the main two factors limiting
the bandwidth in these devices are the relative phase difference between the
photocurrent contributions collected at different points of the device, either forward
or backward traveling, and the microwave propagation loss. Terminating the device
at both ends with 50W loads is shown to be an important technique that may be used
to increase substantially (double) the bandwidth. Collecting the photocurrent at both
ends achieves this goal with no penalty to the external quantum efficiency of the
device. The microwave propagation characteristics of these devices (velocity and
impedance matching, low attenuation) result in bandwidths in excess of 40GHz for up
to 6 periods when the input is open, and close to 100GHz when both ends are
terminated. When the net gain per period is close to one, the efficiency bandwidth
product is very similar for devices with different numbers of periods, and may be
expected to be in the 80-100GHz range for devices with open input, 150-200GHz
range for devices terminated at input and output. Efficiency-bandwidth products in
excess of 1THz are redistically possible, even in the absence of an initial

amplification region.

In the next paragraph, the frequency response of TAP detectors with vertical

coupling will be modeled and discussed.
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Frequency response of TAP detectors with vertical coupling

The frequency-dependent photocurrent generated in TAP detectors with vertical
coupling may be found, under the assumption that the net gain per unit length is

position-independent, by simple direct integration of (3.39):

~

_ eI - X R ) L (M
|ph(W): qg h.GaR, Te - L: 1+1 e
mo 2 1- Ge = 8 gel - gopt gel +gopt

[ iy e

(3.5).

The normalized transfer function may then be found as outlined earlier in this
section:
(w) 1 Te%" Dy €ePo g0 1Pw)l g gPuLg (G410 )1 _ 10
W) =
n

== u
21- Ge @ ™ 18D+ (g - by ) DU~ (Ju * ibopr)

(3.52),

where Dg is, as always in these devices, the net gain per unit length. For the
microwave propagation characteristics plotted in figure 3.7, and specifically for an
absorption region width of 3mm, this results in the ssimulated normalized transfer

function plotted in figure 3.13.
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Figure 3.13: Simulated magnitude squared of the normalized transfer function of TAP
detectorswith vertical coupling, for different values of the device length L and of the net
gain per unit length Dg. The simulated microwave propagation characteristics for this
device are found in figure 3.8, the absor ption region width being 3nm. The net gain per
unit length is O (full lines) - 20cm™* (dashed lines) and 20cm™* (dotted lines).

We may see in figure 3.13 the same type of dips and peaks in the frequency
response that appeared in figure 3.11 for TAP detectors with aternating gain and
absorption. We may assume therefore that they are one again created by the phase
difference between photocurrent contributions generated at different positions along
the device, and that travel in opposite directions. However, these dips and valleys
happen beyond the 3dB-bandwidth of the device, i.e,, this effect has little importance
for TAP detectors with vertical coupling. This is further evidenced by the 3dB-
bandwidth being the same for devices with the same length, despite the different
spatial distribution of the photocurrent generation, which is caused by the change in

the net gain per period. In other words, the device bandwidth depends amost solely

178



on its length, and not on where the photocurrent is generated. Together with the
simulated microwave propagation characteristics plotted in figure 3.7, this allows us
to conclude that the chief factors limiting the frequency performance of TAP
detectors with vertical coupling are the microwave attenuation and the impedance
mismatch. In other words, the combination of a strong reflection at the output and
heavy attenuation during subsequent roundtrip propagations dominate over any other

effect.

The simulated efficiency-bandwidth product for these devices is shown in figure

3.14.
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Figure 3.14: Simulated efficiency-bandwidth product (full lines, solid symbols) and
bandwidth (dashed lines, empty symbols) of TAP detectors with vertical coupling as a
function of the net gain per unit length Dg for different values of the device length L.
The absor ption region is 3mm wide. Theinput coupling efficiency is assumed to be 50%,
the confinement factor in the absorption region 5% and the material absorption
9000cm™*. The simulated microwave propagation characteristics for this device are
found in figure 3.7.
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As predicted in figure 3.13, the bandwidth of TAP detectors with vertical
coupling barely depends on the net gain per unit length, being inversely proportional
to the device length. This causes once more the efficiency bandwidth product to the
very similar for different device lengths when gain and absorption are close to
cancellation. Due to the larger attenuation than in their counterparts with alternating
gain and absorption, bandwidths higher than 20GHz are possible only for short TAP
detectors with vertical coupling (<100mm). Bandwidth-efficiency products in excess
of 50GHz without an initial amplification section are however possible, since the
bandwidth is barely affected by an increase in the net gain per unit length, whereas

the efficiency rapidly grows.

In summary, the frequency response of TAP detectors with vertical coupling has
been studied. Due to the uninterrupted interaction between the electrical field and the
doped semiconductor layers, these devices feature higher propagation loss and more
severe reflections at the device output, resulting in lower bandwidth and efficiency
bandwidth product than in the case of TAP detectors with aternating gain and
absorption. Nevertheless, efficiency-bandwidth product values above 50GHz are

possible in these devices.

Summary

In conclusion, this chapter has discussed the high-speed performance of TAP

detectors, through simulation and discussion. It has been argued that the performance
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of TAP detectors with aternating gain and absorption will be superior to that of TAP
detectors with vertical coupling, since the former may be designed to present velocity
and impedance matching, as well as lower propagation loss, while still achieving
compensation between gain and absorption. The performance of TAP detectors with
alternating gain and absorption is limited mainly by the phase difference between the
different photocurrent contributions generated at different absorption sections,
microwave loss being a secondary factor. Terminating input and output with 50W
loads and adding the current collected at both ends should allow for efficiency-
bandwidth products in the range of 1-10THz, with bandwidths in the order of 150-
200GHz. High speed performance of TAP detectors with vertical coupling is limited
mostly by impedance mismatch and propagation loss in the ensuing roundtrips
traveled by the generated photocurrent. Despite the fact that only short (<100mm)
devices would present bandwidth in the order of 20GHz, efficiency-bandwidth

products in the order of 50GHz should be possible with this configuration.

References

[1] R.E. Collin, “Foundations for microwave engineering,” 2" edition, McGraw-Hill, 1992.

[2] H. Hasegawa, M. Furukawa, H. Yanai, “Properties of microstrip line on Si-SiO, system,” |IEEE
Transactions on Microwave Theory and Technology, vol. MTT-19, no. 11, pp. 869-81, 1971.

[3] Tuncer E., Neikirk D.P., “Highly accurate quasi-static modeling of microstrip lines over lossy
substrates,” |EEE Microwave and Guided Wave Letters, vol. 2, no. 10, pp. 409-11, 1992.

[4] C.P. Wen, “Coplanar waveguide, a surface strip transmission line suitable for nonreciprocal
gyromagnetic device applications,” Proceedings of the IEEE 1969 G-MTT International Microwave
Symposium, pp. 110-5, 1969.

[5] K.S. Giboney, R.L. Nagargian, T.E. Reynolds, S.T. Allen, R.P. Mirin, M.JW. Rodwell, J.E.
Bowers, “ Travelling-wave photodetectors with 172-GHz bandwidth and 76-GHz bandwidth-efficiency
product,” |EEE Photonics Technology Letters, vol. 7, no. 4, pp. 412-4, 1995.

181



[6] Y.J. Chiu, S.B. Fleischer, JE. Bowers, “Subpicosecond (570 fs) response of p-i-n traveling wave
photodetector using low-temperature-grown GaAs,” Technical digest of the International Topical
Meeting of Microwave Photonics MWP ‘97, pp. 295-7, 1998.

[7] D. Jager, “ Slow-wave propagation along variable Schottky-contact microstrip line (SCML),” IEEE
Transactions on Microwave Theory and Technology, vol. MTT-25, no. 9, pp. 566-73, 1976.

[8] L.A. Coldren, SW. Corzine, “Diode lasers and photonic integrated circuits,” John Wiley & Sons,
1995.

[9] K.S. Giboney, “Travelling-wave photodetectors,” University of California, Santa Barbara, Ph.D.
Dissertation, 1995.

[10] D. Lasaosa, Y.J. Chiu, J. Piprek, J.E. Bowers, “ Traveling-wave amplification photodetector (TAP
detector),” Proceedings of the IEEE LEOS Annual Meeting, vol. 1, pp. 260-1, 2000.

[11] D. Lasaosa, Y.J. Chiu, J. Piprek, JE. Bowers, “Modeling of traveling-wave amplification
photodetectors (TAP detectors),” Proceedings of the SPIE Photonics West Conference, vol. 4283, pp.
528-39, 2001.

[12] D. Lasaosa, D. Pasquariello, J. Piprek, JE. Bowers, “Recent advances in photodetectors with
distributed optical amplification,” Proceedings of the SPIE-I TCom Symposium, vol. 5246, 2003.

182



CHAPTER 4

Noise in the presence of distributed amplification
and photodetection

Noise models exist both for semiconductor optical amplifiers (SOAs) and
photodiodes. However, to the best of my knowledge, there is no model prior to this
work that describes the noise in the presence of distributed amplification and
photodetection. In this chapter, the new noise model developed to describe the noise
characteristics of TAP detectors will be presented. First, some basic concepts will be
reviewed. Next, the characteristics of two well-established noise models, one
describing noise in SOAS, another one in photodiodes, will be briefly summarized.
The former is based on the photon statistics master equation, the latter on Bernoulli’s
sampling formula. Then, the new noise model will be introduced. Since a
requirement for any new model isthat it is consistent with previously well-established
models under known circumstances, it will be shown that the new noise model
produces the same result as the photon statistics master equation when describing the

evolution of the optical noise in an SOA, and the same result than Bernoulli’s
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sampling formula when applied to photodiodes without optical amplification. This
comparison will be discussed in this chapter, though some mathematical proofs are
included in appendix C. Finally, the new model will be used to predict a trade-off
between efficiency and noise figure that will be studied in more detail in the next

chapter.

Review of noise concepts

In this section, some of the basic concepts allowing us to describe the noise for an
arbitrary signal will be reviewed. In particular, we will give mathematical
descriptions for the average value, the variance and the signal-to-noise ratio (SNR) of
asignal, aswell as the noise figure (NF) of a device, which quantifies its performance

in terms of noise.

Let x(t) be atime-dependent signal. Its average value or expectation value &fiis

defined by

(x) :IT_Ci)rQ%(‘)x(t)dt (4.2),

where the integral is performed over atime interval of duration T. Let us now assume
that x(t) is the superposition of the actual desired signal that carries some information
and some random fluctuations. We can assume that the portion of x(t) which carries

theinformation is actually equal to its average value, and write

x(t) =(x)+Dx(t) (4.2),
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where the expectation value of the fluctuations Dx(t) is zero. The average total power

Px can then be written as the expectation value of the signal squared, or
R.=(x)=(x +(D) (43
We find therefore that the power contained in the noise is given, in average, by
<Dx2>=<x2>- (x)?=s,2 (4.4).

The quantity s, is called the variance of the signal x(t), and describes therefore
the power contained in the noise associated to it. Its square root, Sy, is caled the

standard deviation or root-mean-square (RMS) deviation.

When two or more interdependent signals (let us say, for the sake of the
argument, that they are x(t) and y(t)) need to be considered, it may be very useful to

define their covariance, Syy, as

Sy = () - (X(y) (4.5).

If the two signals are statistically independent on one another, their covariance is

Z€eX0.

The signal quality in terms of noise can be described by the ratio of signal power

to noise power, or signal-to-noise ratio (SNR), defined mathematically as

2
_{x) (4.6).
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Let us now consider a given device, which takes an input signal x,(t) and
produces, after transmission or processing of some kind, an output signal Xou(t). The
effect of such a device in the signal quality in terms of noise can be described by the
change in the SNR between the input and the output. We define thus the noise figure

(NF) of adevice asthe ratio between input and output SNR:

2 2
NF = SNRin = <Xm> SX"”‘ (47)

SNRout <Xout>25 sz

Obvioudy, the larger SNR, the better signal quality (the fraction of power
contained in the noise is small compared to the signal power), and the lower the NF,

the less signal degradation the device produces in terms of noise.

Let us consider finally the case of a quantized signal, where the information is
carried by a succession of discrete, individual events, such as the arrival of a photon
or an electron to the input or the output of a device. In that case, we can define a
probability distribution P, of the event happening n times (such as the arrival of n
photons to a certain point in an optical link or the generation of n electrons of
photocurrent in a detector) in a given time interval. Given that probability
distribution, and assuming that the information is carried by how many times the
event happens, the following definitions of average value and variance apply:

(n)= 5 nP, (4.8).
n=0
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¥ é¥ 02
Sn’ :<”2>‘ (n)* =& n°Ry- 84 NPy (4.9).
n=0 é=0 0

In general, we may define the expectation value or average value of any function

f(n) that depends on the number of event counts:

(f(n))= éo f(n)R, (4.10).

The noise properties of a quantized signal are therefore fully described by the
probability distribution P,. One important set of functionsis the set of natural powers
of the event count n. Their expectation values constitute the moments of the

probability distribution. The N-th moment of the probability distribution is defined as

()= 5 nNp, (4.12).

n=0
One of the important properties of the moments of a probability distribution is
that the set of al moments, where N takes all positive integer values, unequivocally
determines the probability distribution that generates them. In other words, a
probability distribution is completely described by the expectation values of n", when
N takes all positive integer values, as an aternative to P,, where n takes all non-

negative integer values. Note that by the definition of a probability distribution, the

O-th order moment is obviously 1.

A particularly important probability distribution when dealing with discrete

events is the Poisson distribution:
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p =M o (4.12).

It describes the probability of n counts of a given event during a fixed time
interval, with an average count number & and given that individual events happen
independently of one another. The statistical properties of highly attenuated light,
and light emitted by light-emitting diodes (LEDs) or lasers below threshold, may be
described to a very good approximation by this distribution. A state of light
described by this probability distribution is called a coherent state. The noise
associated to it is referred to as shot noise, and is also caled the standard quantum
limit (SQL), since it is the minimum amount of noise possible in a classical photon
beam. In a random signal described by Poisson’s probability distribution, the

variance is equal to the average value, or
s,2=(n) (4.13).

For an arbitrary signal, the difference between its variance and its average value is

usually referred to as excess noise.

In summary, we have introduced the main concepts allowing the description of
noise, and their mathematical definitions. The next sections will show how these

concepts apply to the cases of SOAs and photodiodes.
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Noise in semiconductor optical amplifiers

In this section, the origin and description of noise in SOAs will be briefly
discussed. First, the physical origin of noise will be introduced. Next, its

mathematical description viathe photon statistics master equation will be shown.

An SOA is a device that relies on the basic property of light amplification via
stimulated emission of photons, which semiconductors possess, and is especially
useful in direct band-gap semiconductors. An electron in the conduction band can
recombine with a hole in the valence band, emitting a photon. Emission may be
stimulated, generating a photon identical to an already existing one, or spontaneous,
resulting in the creation of a photon with random phase. Stimulated absorption of a
photon, resulting in its annihilation, and the creation of an electron-hole pair, may
also occur. The description of these phenomena and the relation between them is
discussed in appendix A. Each one of these events has a certain probability of
occurring, but whether it will occur or not, and the exact moment when it will occur
are not predetermined. Thus, if a certain number of photons enter an SOA, the
expected output photon number is just the product of the average input photon
number times the amplifier average gain. However, deviations from this average gain
value will occur, due to the aforementioned randomness in the amplification process.
This results in a steady, well-determined input photon flux producing an uncertain
output photon number, or an amplified signa plus noise. Figure 4.1 shows

schematically this behavior, by considering an SOA with an input consisting of
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photon groups of the same value, and showing the corresponding photon number

output.
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Figure 4.1: Sources of noise in an SOA. Discrete stimulated emission events occur
randomly, though with a known average value. Thisresults in different amplification
for several identical light pulses. The addition of randomly occurring spontaneous
emission results in random addition of photons to these pulses, and addition of photons
even in the absence of input light. An ideal amplifier (top) would produce identical
output pulses as a response to a stream of identical input pulses. A real amplifier
(bottom) produces uneven pulses, and additional light even in the absence of an input.

One final source of noise is related to the quantized nature of light itself, and is
related to the fact that the photon number may take only non-negative integer values,
changing always by an integer number. In the rest of this section, the photons
statistics master equation or forward Kolmogorov equation [1] will be introduced.

Intuitive explanations will be given to its origin and to the results of applying it to
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SOAs. The best way to quantify the effect of both gain randomness and spontaneous
emission of photons, as well as the effect of signal quantization, is through a birth-
death-immigration (BDI) method. Stimulated emission of a photon may be
understood as a “birth” event, and its probability of occurring is proportional to the
aready existing population, as is aso proportional to the probability of the
annihilation of a photon via optical loss or stimulated absorption in the amplifier
active region, which may be viewed as a “death” event. Finally, spontaneous
emission increases the photon population independently of its value, and may be

understood as “immigration”.

Birth-death models have been used since the 1940s to describe the statistics of
populations of living organisms or physical particlesin different fields of science (see
for example [2]). The addition of immigration-like events is necessary to take into
account spontaneous emission in SOAs. The first BDI model of noise in SOASs is
probably the work of Shimoda, Takahasi and Townes [1]. They proposed the

following equation to describe the evolution of the photon statistics in an SOA:

dR, _
dz

agn-1)R.,- nR,g+bgn+1) P, - nRg+c(P..- B)  (4.14).

All the noise sources described above are taken into account in this equation,
called the photon statistics master equation, or forward Kolmogorov equation for
optical amplifiers, which describes the evolution, in an gain medium, of the

probability of counting a certain number of photons in a given time interval at a

certain position. Pn(2) is the probability of the photon count being n in that time
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interval at position z along the direction of propagation. The parameters a, b and ¢
are average gain, loss, and spontaneous emission values, respectively, expressed in
units of inverse of length. In other words, if n photons are counted arriving to
position z during a time interval, the probability of a stimulated emission event
happening between z and z+dz during that time interval is given by the product of n, a
and dz. Similarly, the combination of stimulated absorption and loss are described by
a probability per unit length and per photon count equal to b. Finaly, c is the
probability that a spontaneous emission event will happen, per unit length, in the
considered time interval. Intuitively, (4.14) expresses that the probability of having n
photons at position z+dz is equal to the probability of having n-1 photons at z,
multiplied by the probability that an emission event (spontaneous or stimulated)
happens between z and z+dz, plus the probability of having n+l1 photons at z
multiplied by the probability that one of them is absorbed or lost between z and z+dz,
plus the probability of having n photon counts at z, and no event happening between z
and z+dz. The probability of any two or more events happening is proportional to a
second or higher power of dz, and does not therefore contribute to the derivative of
P.. Note that b describes the probability of any photon being annihilated. It thus
encompasses stimulated absorption, either in the amplifier active region or anywhere
else in the device, and optical loss, due to a wide range of phenomena, such as

scattering or free carrier absorption.
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Starting from the photon statistics master equation, we may find the description of

the evolution of the average photon number, which we will denote by &n,fi aong the

amplifier:
d(n ¥ ¥ ¥ ¥
< p> :ié nP, =g n%=(a- b)& nR,+ca P,
dz dz 2, o U0z =0 =0 (4.15).

=(a- b)(np>+c

In asimilar way, we can also find that

d<np2> =5 n —:2(8.- b)<np2>+(a+b+20)<np>+c (4.16);

= ] =2(a- b)s, > +(a+b)(n,)+c  (417).

The combination of (4.15) and (4.17) yields an interesting intuitive consideration.
The average photon number experiences a gain per unit length equal to a-b. The
constant term c describes the addition of photons via spontaneous emission,
independently of the input photon number. Since the units of the variance are photon
number squared, the rate at which the variance will be amplified, per unit length, will
be double that, i.e., 2(a- b). Thisis expressed in the first term in the right-hand side
(RHS) of (4.17). The other terms may be understood as the noise sources. In fact, in
a Langevin noise description, the noise sources present a contribution to the signal
variance equal to the sum of the rates at which they happen. In other words, the

autocorrelation of the noise sources affecting a particle number is equal to the sum of
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particle change rates (see for example [3], pp. 540-6). In this case, the extratermsin
the RHS of (4.17) are indeed the stimulated emission rate, spontaneous emission rate
and the rate of stimulated absorption or loss, per unit length. This strongly supports
the interpretation that the source of noise in SOAs is the randomness associated to
these processes. Further interpretation may be obtained by defining a cumulative
position-dependent gain G(2), as the net amplification that the input signal would
experience from the device input (assumed to be at z=0) to position z. This allows us
to rewrite (4.15) and (4.17) in a more simplified way, referring the photon count and

its variance to the input, dividing them by the cumulative gain and its square,

respectively:
én.\u
ie—A< )3 ¢ (4.18);
ng G B G
& 2-(n,\0 2a(n
dgn, < I°>u: (o) (4.19).
dzg G? 4 G?

The interpretation started above may then be carried a little bit further, saying that
the excess noise over the standard quantum limit is generated by randomness in the
gain and in the spontaneous emission. The shot noise term may be therefore
understood as a consequence of the photon number quantization. The RHS in (4.19)
may indeed be related to randomness in the photon emission events stimulated by
either the input signal or the spontaneous emission. This may be understood by the

presence of the product of the stimulated emission coefficient, a, and the total average
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photon number, which includes contributions from both amplified input signal and
amplified spontaneous emission (ASE). If a, b and c are constant, and c=aDn,, Dn,
being the amplifier bandwidth (as described in appendix A for a flat-band
approximation), integration of (4.18) and (4.19), with the double initial condition that
both the average input photon number and the photon number variance are equal to

Np;in, Yi€lds the following approximated val ues:

<np>:GnP,in TNy (G' 1)Dno :an,in *+Np A (4.20),

s npz =GNy, +Ng, (G- 1)Dny +2n,;,ng,G (G- 1) + ng,p2 (G- 1)2 Dn,
2 (4.21),

Np A + Ny AsE

:an,in +Np A +Zan,in o

[0) [0)

where nyase is the average photon number generated by amplification of the
spontaneous emission, and Ny, is the population inversion factor, defined as

__ Reem

=__sem 4.22).
™ " Ry an- Rem 422

For the approximation (4.21) to be valid, the flat band approximation needs to
apply, because the stimulated emission and absorption rates are, in genera, frequency
dependent. In the most genera case, it is therefore impossible to define the
population inversion factor as a plain numerical value. Furthermore, the total loss
needs to be much smaller than the modal gain. Otherwise, ng, needs to be substituted

by the following value:
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® =
™" Gy (Regn- Rem)- | Goo- |

(4.23).

The need for the previous conditions to be satisfied has led to different proposed
formulations describing the noise generated in SOAS, specifically for the cases where
the net gain is zero or negative [4]. Inthe particular case of TAP detectors, where the
net gain is, in general, much smaller than the stimulated emission rate normalized to
the optical intensity, the population inversion factor ng, does not provide a good

measure of the optical noise generated as the signal travels along the device.

In a classical wave-like description, the third and fourth terms in the RHS of
(4.21) do appear in the noise contribution, but not the first and the second, unless a
vacuum field is introduced in the picture (see for example [5]). The third and fourth
terms are usually referred to as beat noise terms, since their origin, in a wave-like
picture, is associated to the beating in a photodetector of the field generated by
amplification of the input signal and the field generated by amplification of the
spontaneous emission. The third term is usually called spontaneous-signal beat noise
term, and the fourth term is called spontaneous-spontaneous beat noise term. In this
model, however, the shot noise (first two terms) appears as an immediate
conseguence of signal quantization, without the addition of a vacuum field, and the
third and fourth terms may be tracked back to random fluctuations in the gain acting

on the input signal and the ASE, respectively.

The photon statistics master equation is thus a very powerful model for noise in

SOAs, since it describes the evolution of the noise by taking into account the physical
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processes that alter the photon number as the optical signal propagates along the
amplifier. This equation may also be used to connect each noise term to its physical
origin, i.e., signa quantization for shot noise and randomness in the amplification

process for the so-called beat noise terms.

Noise in Photodiodes

A semiconductor photodiode relies on stimulated absorption to generate electron-
hole pairs from photons. There are in this case two different quantities, the photon
count n, and the electron count ne, which need to be considered. Holes may be
assumed to leave the device active region in opposite direction to the electrons, and
both their counts may be assumed identical. Apart from the noise associated to the
photodetection process, other noise sources may be considered to affect the
photocurrent variance, such as thermal noise in the load resistor, or the shot noise
associated to the background current of the photodiode itself, in the absence of any
optical input (dark current). The effect of these noise sources has been thoroughly
studied, and may be considered, a priori, independent of whether the photodetection
process includes distributed optical amplification or not. At this point, the discussion
will focus on the noise contributions from the photodetection process itself. These
additional noise sources will thus be not included at this point. Since they are
statistically independent from the photodetection process, the photocurrent variance
associated to these processes may be added later to the variance originated by the

photon absorption events. In this section, we will thus concentrate only on the noise
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characteristics of photodiodes stemming from the detection process itself, i.e., from
the conversion of photon counts into electron counts. Appendix C shows in detail
how Bernoulli’s sampling formula describes the randomness associated to this
process. The results of that description and its physical interpretation will be now

summarized.

The description of the noise characteristics of the photodetection process requires
two different probability distributions, one for the photon count, P,, and one for the
electron count, P',. For a lumped detector of quantum efficiency h, these two
probability distributions may be related to one another through Bernoulli’s sampling

formula (see, for example [6], p. 156):
§ & : "(1-h) "R, (4.24).
This result was obtained in 1969 by Scully and Lamb [7]. Intuitively, equation
(4.24) tells us that the probability of having m output electrons given an n-photon
input is given by the probability of m of those photons being detected (since h being
the average detector efficiency, it is aso the probability that one photon would
generate one electron) and n- m of them not being detected, summed over all possible
ways in which this may happen, i.e., multiplied by the number of possible non-
ordered subsets of m elements that may be taken, without repetition, from an n-

element set.
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We can consider equation (4.24) as describing a random selection process, where
the left hand side (LHS) shows the probability of m elements being chosen (electrons
of photocurrent generated per unit time), given the probability distribution of n

elementsin the set from where the selection is made (input photons per unit time).

If the input signal is in a coherent state with an average photon number anyfi then

the output electron statistics are described by

(ny) _ Me-hw (4.25).

Thus, the output electrons follow also a Poisson distribution, this time with
average output electron number éndFhén,ii  This makes perfect sense intuitively,
since if the input is a stream of photons such that their times of arrival are
uncorrelated, and we randomly select some of them to be absorbed, the output will be

astream of electrons uncorrel ated to one another.

For random input statistics, and as shown in more detail in appendix C, we may

find
(ne)=h(n,) (4.26),
(n?) =h np) +h? §n,%) - ()4 (4.27),
from where the electron number variance may be found:

Sp” :(ne)+hzgsnp2- <np>8 (4.28).
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Thus, if the optical input exhibits Poisson statistics, so does the electrical output,
and any other input excess noise is converted into output excess noise by multiplying
it by the square of the efficiency. Finally, let us mention that the Noise Figure of a

photodiode can be found from (4.28) to be

NF:Hﬂ@ (4.29).

h sn2
P

Therefore, for an arbitrary optical input signal, the Noise Figure of a detector will
approach the optimum limit of 1 (0dB) as the efficiency h approaches 1. This aso
makes perfect sense intuitively, since in a photodiode with unit efficiency, all photons
are detected, and there is thus no added randomness introduced by the device itsdlf,

just adirect tranglation of optical noise into electrical noise.

For an optical input in a coherent state, the Noise Figure is 1/h. The coupling
efficiency of the optical signal into the detector may be assumed to be taken into
account in the device efficiency h. Thisresults, of course, in large noise figures when

the coupling efficiency islow.

Note that the noise figure will be enhanced by the additional noise contributions
independent of the detection process (such as thermal noise in the load resistor or shot
noise of the background current), as mentioned at the beginning of this section.
These contributions to the noise figure, being a priori independent on the input

photon number, will result in a higher noise figure for lower input optical power;
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hence the importance of optical preamplification as a tool to improve the signal-to-

noise ratio of the received signal in optical links.

In conclusion, in this section we have addressed the source of noise in the
generation of current in photodiodes, namely the randomness in the absorption of
photons. Bernoulli’s sampling formula is intuitively shown to perfectly describe this
phenomenon. This formula is also used to derive a mathematical description of the
noise added by the photodetection process, through the electron number variance in

the photocurrent, and the noise figure of photodiodes obtained from it.

Correlation between electron and photon fluctuations

In the previous sections of this chapter, noise models for SOAs and photodiodes
have been briefly discussed. Neither of the two models separately has the capability
of describing the effect of both amplification and detection in the noise of the final
photocurrent. The combination of both may however describe the noise present in the
photocurrent generated by a preamplified optical signal. First, using the photon
statistics master equation, the noise in the photon stream coming out of the amplifier
may be calculated, knowing the statistics of the amplifier input. The statistics of the
electron number contained in the photocurrent may then be found using Bernoulli’s
sampling equation. However, in the presence of the distributed combination of
amplification and absorption, this approach is not sufficient. In this section, the
important question of the correlation between electron number and photon number

fluctuations will be intuitively addressed. More detailed discussion, including
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mathematical proofs of some of the ideas expressed intuitively in this section, is

included in Appendix C.

Let us consider a lossless photodetector, where part of the light is absorbed, and
part is transmitted. The surviving optical signal and the generated photocurrent are

correlated, as expressed in figure 4.2.

electrical output

>
L LI L

VLALLM, | detector v, VLGN,
> >

optical input optical output

Figure 4.2: In alossless detector where light is partially absorbed, the surviving light is
correlated to the generated photocurrent. If a stream of photons, identically spaced at
given time intervals, is incident, the presence of a surviving photon in one such time
interval at the output of the device occurs if and only if an electron of photocurrent is
not generated during that sametimeinterval.

In Appendix C, it is shown that the covariance between the output photon and

electron populationsis given, in the most general case, by

S =(Mane) - (Mp)(ne) =h (1-h)& 2~ (ngin)8 (430,

where n, and ne are the output photon and electron counts, and nys is the input
photon count. For arbitrary device efficiency, the covariance is identically zero only
when the input photon population presents a variance equa to its average value,
which is an indicator that photon arrivals are statistically uncorrelated to one another.

Intuitively, if the input photons are not correlated to one another, the electrons

202



generated and the surviving photons will not be correlated either. However, any
correlation present in the input photon stream is reflected in a cross-correlation

between the two output populations.

Let us now consider two lossless, partially-absorbing photodetectors, such that the
input of the second one is part of the light surviving the detection process in the first
one, as shown schematically in figure 4.3. This cascading description may be used to
study the behavior of a waveguide photodetector where light suffers optical loss as it
propagates, by understanding that the partial coupling between both detectors is due

to annihilation of part of the photons not absorbed in the first one, due to optical loss.

—> —>
® ®
A detector 1 | ~n, coupling N, detector 2
5 h, —> h, —> h,

Figure 4.3: Two partially absorbing photodetectors are cascaded, so that part of the
light surviving detection in the first one is coupled into the second one. The partial
coupling from the first detector into the second one may be used to represent the effect
of optical lossin adistributed detector. Photonsarerepresented through wiggly arrows,
electrons by full dots.

A mathematical analysis of this situation is carried out in appendix C. The

conclusions of such analysis are intuitively very simple, yet of great importance.

First, there is correlation between the photon populations at different positions
along the ensemble, and the electron populations generated by both detectors, as well
as between both generated photocurrents. The degree of correlation (defined as the

ratio between their covariance and the product of their average values) between any
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two populationsis, in al cases, equal to the input excess noise divided by the average

input photon number squared.

Next, let us consider the total photocurrent of the ensemble, found by adding the
photocurrents generated by both detectors. The statistics of this total photocurrent are
identical to those generated, for the same input, by a lumped detector, whose total
efficiency would be ht=h1+(1- hy)hch,, where hy and h, are the efficiencies of both
detectors, and hc is the fraction of optical power surviving the first detector that is
coupled into the second one. hry is the efficiency of the ensemble calculated by
straightforward computation, since 1- h; is the fraction of input photons that survive
the first detector, a fraction h. of which are coupled into the second detector.
Therefore, Bernoulli’s sampling formula does not only apply to lumped, lossless
photodetectors, but to any photodetector not featuring optical or electrical gain,
distributed or not, and even in the presence of optical loss. The correlation between
the photon and electron populations is taken into account implicitly in Bernoulli’s

sampling formula.

Finaly, the mathematical manipulations that produce the previous two
conclusions are only possible because optical loss is, per se, a random sampling
process, whose effect in the photon population statistics may be described aso by
Bernoulli’s sampling equation. Any other non-sampling process, described by a
different equation, would not, in general, result in the behavior of the ensemble being

describable by Bernoulli’s sampling formula with the use of an appropriated chosen
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total efficiency ht. In particular, the description of the distributed combination of
amplification and absorption would require a different approach, including the

explicit calculation of the correlation between the electron and photon numbers.

In summary, this section has intuitively described how photon and electron
statistics in distributed photodetectors present correlations, which are implicitly taken
into account in Bernoulli’s sampling equation. This equation thus describes the
distributed combination of photodetection and any other random sampling process,
such as optical loss or non-unity coupling efficiency, provided that the adequate total
efficiency is used in equation (4.24). It is also argued how the combination of
amplification and absorption, the former not being a random sampling process, will
result in Bernoulli’ s sampling equation not being valid, while the correlation between
electron and photon populations needs to be still taken into account explicitly. The
mathematical proofs supporting these intuitive conclusions are included in appendix
C. In the next section, a new noise model will be introduced. This new model
describes the joint evolution of electron and photon statistics, allowing for the

description of the effect of distributed combination of amplification and absorption.

Evolution of photon and electron number statisticsin the
presence of distributed amplification and photodetection

In the previous section, it has been argued how the description of noise in the
presence of distributed amplification and absorption requires an explicit calculation of

the correlation between electron and photon statistics. A new noise model describing
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the simultaneous evolution of the photon and electron number statistics, and thus
fulfilling this requirement, will now be presented. Next, the results furnished by it for
the limiting case of a pure SOA without photo-detection will be compared to the
results from the photon statistics master equation. Finally, we will show that, when
no optical amplification is present, the output electron statistics are equivalent to

those given by Bernoulli’s sampling formula.

Photon and electron number fluctuations and their
probabilities

Both the photon statistics master equation and Bernoulli’s sampling formula are
based on a very simple concept: any fluctuation in the optical and electrical signalsin
a photodetector happens one photon and one electron at a time, respectively. In this
section, we will set up the scenario for a particle-like noise model based precisely on
this very concept. In order to do that, we will describe in this paragraph the changes
that may happen to the populations of both electrons and holes, and assign to each of
them a probability per unit length. This will be used in the next paragraph to

establish the new noise mode!.

As described in appendix A, there are different processes that change the electron
and photon number. Before beginning, we will perform a flat-band approximation,
i.e., gain and spontaneous emission will be assumed to be constant over the effective
bandwidth Dn, of the amplifier. The different processes, their effect in the electron

and photon populations, and their probabilities are summarized next. These
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probabilities are extracted from the average values of gain and stimulated emission

presented in appendix A.

Stimulated emission in the amplifier region increases by one the number of
photons. |If a a certain position in the device the photon count over a certain time
interval is ny(2), the probability of one stimulated emission event per unit length in the
vicinity of z and during that same time interval is given by Gy(2)rg.em(2)np(2), where
r<em(2) isthelocal stimulated emission rate normalized to optical intensity, as defined

in appendix A, and Gy(2) isthe local confinement factor in the amplifier region.

Stimulated absorption in the amplifier region reduces the number of photons by
one. The probability of one stimulated absorption event per unit length, in the same
conditions as before, is given by Gy(2rsan(2ny(2), where rgan(2) is the local
stimulated absorption rate normalized to optical intensity, and the local material gain
9(2) isgiven by g(2)=rs.em(2)- rs.an(2)-

A spontaneous emission event in the amplifier region may or may not increase the
photon number by one, since the photon number considered, ny(2), takes into account
only light coupled into a propagating mode of the device. The probability that a
spontaneous emission event generates one photon that isindeed coupled into a guided
mode, per unit time and per unit length, and in the vicinity of z, is given, as shown in

appendix A, by Gy(2)r¢,em(2)Dn.

Optical loss may aso reduce the number of photons by one. The probability per

unit length of one photon being lost in the vicinity of z, in the time interval when ny(2)
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photon counts are registered at position z, is given by ny(2)I(2), [(2) being the local

loss per unit length in the vicinity of z

All the previous processes leave the electron number unchanged. The only event
that changes the electron number is the absorption of a photon in the detector. The
probability of one electron being generated and one photon annihilated in the vicinity
of z in atime interval when ny(2) photon counts are registered at z, is given by

Gy(2a(2ny(2), where a(2) is the local material absorption of the detector active region

and G,(2) isthelocal confinement factor of the mode in the absorption region.

Let us now assume that dz is a length small enough that the probability of two
events to happen (i.e., the product of their probabilities per unit length an multiplied
by dZ’) is much smaller than the probability of any one event to happen (i.e., the
probability per unit length of each event to happen, multiplied by dz), and than the
probability of no event to happen (i.e., one minus the sum of the probabilities of any
event to happen). Assuming that we know that exactly ny(z) photons arrive to
position z in an interval equal to one time unit, and that ng(z) electrons have been
generated in that time between the device input at the device input (z=0) and an
arbitrary position z, the possible values for the number of photons that arrive to z+dz
during a time unit, and the number of electrons generated in that time unit between 0

and z+dz, and their respective probabilities of happening, are shown in table 4.1.
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Probability

Table 4.1: Possible photon and electron numbers at z+dz as a function of their values at
z, and their respective probabilities. The different rows describe the occurrence of (top
to bottom) stimulated emission, stimulated absorption in the amplifier region,

spontaneous emission, optical loss, and absor ption in the detector region.

The only event not recorded in table 4.1 is the photon and electron populations

remaining unchanged because no other event happens. Its probability is obviously

given by one minus the sum of all probabilities expressed in table 4.1.

In conclusion, this paragraph summarizes the different events that may affect the

electron and photon numbers, and their respective probabilities.

Evolution of functions depending on photon and electron

numbers

In this paragraph, the events described in the previous paragraph and their
respective probabilities will be used to establish the evolution, along a device

featuring both amplification and absorption, of the average value of any function

depending on electron and photon numbers.
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Let us then assume that f(ny(2),ne(2)) is any function that depends on the photon
and electron numbers. As the electron and photon numbers evolve in the device, the
value of that function will also evolve. Since the electron and photon numbers
cannot, in general, be known precisely, the exact value of the function f cannot be
known with exactitude either. We may, however, calculate its average value, by
calculating the weighted sum of all the values that f takes for all pairs of values
(np(2),ne(2)), the weights being the probability of the corresponding pairs of values to

occur, which we will call P(ny(2),ne(2)), i.e.:
<f(np(z),ne(z))>: g 5 f(np(z),ne(z))P(np(z),ne(z)) (4.31).

Let us now calculate the evolution of this function along the device. One
possibility would be to calculate the evolution equation for the average value of f as

follows:

dP(np (2), ne(z))

n,(z)=0n,(z)=0 dz

(4.32).

This approach is typically used to describe the evolution of the average value and
variance of the photon population inside an SOA (see for example [6], p. 83). The
inconvenient of this approach is that an equation needs to be defined for the evolution
of the electron and photon probability distributions simultaneously. This may lead to
complex computation. Another approach, which will be used in this new model,

starts with the definition of an event probability P'eent. This is the probability of an
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event to happen which will change the photon and electron number pair from
(Np(2),ne(2)) to (Np(z+dz),ne(z+dz)), as the signal propagates from z to z+dz. This
probability depends, obvioudly, on the initial and final states, and may even depend
on the position along the device. For simplicity in the notation, the dependence of
this probability on the initial and final states of the event, or on the position along the

device, will not be shown explicitly. We can then write:

¥ ¥
P(np(z+dz),ne(z+dz)): aaa P'emP(np(z),ne(z)) (4.33),
event n,=0n,=0

P e

i.e., the probability of the electron and photon numbers to be respectively ne(z+dz)
and np(z+dz) at z+dz is the weighted sum of the probabilities of the electron and
photon numbers to be respectively ne(z) and ny(2) a z the weights being the
probabilities of events to happen which will perform that change. Note that the sum
needs to be carried out for all initial possible pairs of the electron and photon
numbers, but only for those events that will result in the appropriate change of
electron and photon numbers. Obvioudly, if no event may change the electron and
photon number from the initial to the final values, the contribution of that pair of
electron and photon numbers to the sum will be zero. Note that, although not
expressed explicitly, the sum includes, of course, the event where nothing happens for
the case where ny(z+dz)=np(2) and ne(z+dz)=ne(2). Its probability will be one minus
the sum of the probabilities of al other events which may happen when the initia
electron and photon numbers are, respectively, ne(z) and ny(z). Note also that the sum

may be carried out over “multiple events’, i.e., the combination of more than one
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single event, v.g., absorption of one photon to produce an electron and simultaneous

spontaneous emission of a photon. The probability of such an event will be
proportional to dz to the power of the number of single events involved, and as we

will soon see, the contribution of these “multiple events’ is negligible.

Based on the above discussion, and using (4.33), we can write:

<f (np(z+dz),ne(z+dz))>

= a 5 g_ f(np(z+dz),ne(z+dz))P'eVemP(np(z),ne(z)) (4.34).

We can now separate different termsin this sum. First, the term corresponding to
“no event”, i.e., the cases where the electron and photon numbers remain unchanged

because no transitions occur. Next, all processes involving exactly one transition.

Finally, al events involving more than one transition. The contribution from the first

term is given by

The subindex “0” on the sum indicates that the sum is only carried out over the

event where no process happens. The subindices “31” and “1” indicate that the sum
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is carried out over al single or multiple events, and over al single events,
respectively, that may happen when the initial electron and photon populations at z
are ne(2) and ny(2), respectively. The term indicated by O(dZ) signifies that all
contributions other than the ones explicitly shown will be of an order 2 or higher on
dz. The contribution from all multiple events will also be in this same order. Finally,

the contribution from all single events will be given by:
o & 4
a,a a f (np(z+dz),ne(z+dz))P'a,em P(np(z),ne(z)) (4.36).

Thus, we may finaly write:

<f (np(z+dz),ne(z+dz))> :<f (np(z),ne(z)»

+51§ a f(np(z+dz),ne(z+dz))P'evemP(np(z),ne(z)) (4.37).

Note that, since the electron and photon numbers change only by an integer
(actually by 1 in the case of single events), the difference between f evaluated at z and
at z+dz is, in genera, a finite number that does not depend on dz. However, the
probability of single events to happen is a constant times dz, as shown in table 4.1.
We may then subtract the average value of f evaluated at z from both sides of (4.37),

divide by dz and take limits when dz tends to O:
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. X% . (439
=&, & a of(n,(2).n(2) =22 P(ny(2).n(2))
n(2)=0n,(2)=0 g

where the change in the value of the function f, Df(ny(2),ne(2)) is defined as:

Df(np(z),ne(z)):f(np(z+dz),ne(z+dz))- f(np(z),ne(z)) (4.39).

Equations (4.38) and (4.39) offer, a priori, a way of calculating the evolution of
the average value of any function that depends on the electron and photon number,
for any device where both electrons and photons are generated and annihilated, as
long as the probability per unit length of any event changing the electron and photon

number may be calculated.

In summary, a new way of calculating the evolution along a device featuring both
gain and absorption of the average value of any function depending on the electron
and photon numbers has been introduced. This will constitute the basis of the new

noise model which will be introduced in the next paragraph.

Evolution of the statistics of photon and electron numbers

In this paragraph, the equations describing the evolution of the statistics of the
electron and photon populations in a distributed amplifier-photodetector will be
drawn from results presented in the previous two paragraphs, more specifically
equation (4.38) and table 4.1. The end result pursued in this paragraph will be

determination of equations describing the evolution of average value, variance and
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covariance of the electron and hole populations. Other intermediate results will be
used to show the equivalence between this new noise model and previously existing

noise models.

The statistics of a random variable may be defined by its probability distribution,
as expressed at the beginning of this chapter. From this probability distribution, the
average value of any function involving this random variable may be calculated.
Another way of completely determining the statistics of a random variable is through
the set of all its moments, i.e., the set of expectation values of all the positive natural
powers of the variable. In the case of the electron and photon numbers, this complete
set of moments is the average value of the set of polynomials of the form ny"ne", for
any pair of natura numbers N and N'. The average value of each of the populations,
their respective variances, and their covariance, are completely determined by the
combinations such that N+N'=1 and N+N'=2. The evolution of the polynomials with
these values of N and N' suffices to characterize the noise properties of amplifier-
photodetectors. However, for afull description of the electron and photon population
statistics, the average values of al polynomials of the form n,"n. need to be
calculated. Note therefore that N and N' do not have physica meaning by themselves.
They correspond to different exponents for the photon and electron numbers whose
averaged product we calculate in order to fully describe the joint statistics of electron

and photon popul ations.

As shown in table 4.1, given a pair of values (ny(2),ne(2)) of the electron and

photon populations at position z, the possible values of the pair (np(z+dz),n(z+dz))
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may take after one single transition event are (np(2)+1,ne(2), (NK(2)-1.ne(2)) and
(Np(2)- Lne(2)+1). In the case of stimulated emission, we may find the contribution
from this event only to equation (4.38) to be described by

S & & N N N

a aog(np +1) ne - ngng" ‘JGgrstmin(np,ne)

v
el (4.40).

1@'0 1 N'
_Grgema < Io'*ne >
081 g

The contribution from the spontaneous emission term is given by

Qo

¥

S € N N N’

a g(nID +1) e - ny''ng UGgrngn P(np,ne)

n=0n,=0 (4.41).
N-1

=G, rstemDnOI O§|\Io<n Ne >

The contributions from the terms describing the stimulated absorption in the

amplifier region and the optical loss may be combined together into

Qo

5 g(np-l)N e - ny'n N;(G rstab+l)n P( P ne)
n=0n,=0 - (4.42).
:(Ggrst,ab+|)é (- )N .gll\lo< I+1nN>

i=0

And finally, the contribution from absorption and generation of photocurrent is

described through
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aa g(np- )N(ne+1)N -n,"n EGaain(np,ne)

1 Nla‘N0< i+1 N'> (4.43).

:Gaal_\lé('l) gl Ne

N iaNoaN'0, v i
“Gad & (9" g dn )

Therefore, in the case of the polynomials of the form n,"ne", (4.38) may be finally

written as
d<npNneN> N1aNo, 1y N
. Ceeend i,§,<'npI ")
"N LN
+Gylg.emDNo A& ¢ 2<nplneN >
=0 "; (4.44).
(G rstab+I+Ga)a°10( 1)N '§|\|2< p'+1neN'>
i=

& Mot iaNoaN 0/
*Gaa a (-1)N Ci S | ;<np 1ne‘>

This is the central equation of the new model for noise in distributed amplifier-
photodetectors. In order to find its intuitive meaning, let usfirst of all make N'=0. In
other words, we will concentrate in the equations describing the evolution of the
photon population statistics:

N
d<22 >—G rgm:\l:g\l O<n '+1>+G g emDnO,.\l_Olgél\I 9<n i

. (4.45).
+(Ggrst’ab +1 +Gaa) %O (- 1)N'i ?i\lg<npi+l>
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It is interesting to note that nowhere in (4.45) does the electron number appear.
This isintuitively obvious, since the electron population statistics are affected by the
photon population statistics through absorption, but not vice versa. Note also that the
absorption in the detector appears in the same term as the loss and the stimulated
absorption in the amplifier. This may be explained by the fact that, from the point of
view of light propagation only, absorption in the detector is just another source of
photon annihilation. We will later see that equation (4.45) may be deduced
equivalently from the forward Kolmogorov equation. This will confirm the
consistency of the new model with the model based on the photon statistics master
equation. We can also make N=0 in (4.44), i.e., we may concentrate on the equations

describing the evolution of the electron number statistics:

N L 1es
afre >:Gaa ’?%olg\; %{npnei> (4.46).

Equation (4.46) states that the correlation between the electron population and the
photon population needs to be calculated, before the actual statistical properties of the
electron population may be found. This agrees perfectly with the previous discussion
about the correlation between electron and photon numbers. Note that, in general,
equation (4.44) shows that the evolution of the average value of n,"n¢" is determined
by the average values of nynd, with iEN+1, jEN- 1. Eventually, this means that, in
order to calculate the evolution of ng", it is necessary to know the statistics of nj,, for

al iEN'. In particular, the evolution of the electron number variance can only be
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calculated once the evolution of both the photon number variance and the covariance

between electron and photon numbers are known.

It can be shown from Bernoulli’ s sampling formulathat (see appendix C):

<(N)(ne- i)>:hN+1<g)(np- |)> (4.47).

i=0 i=0

Therefore, the average value of an N-th degree polynomia in the output
photocurrent electron number also require in that case the knowledge of the statistics
of an N-th degree polynomial of the optical input photon number. Thus, the
correlation between photon and electron numbers, which is implicitly taken into
account through Bernoulli’s sampling formula, needs to be explicitly taken into
account in this case, because of the contribution from the optical amplification to the
noise. This correlation appears explicitly in the new model, as shown in equation

(4.44).

In conclusion, the central equation of the new noise model, (4.44), has been
deduced. It has been shown how the evolution of the photon number statistics can be
determined with complete independence on the electron population, by considering
the optical absorption in the detector as an added source of loss. It also shows how
the correlation between electron and photon numbers make it necessary to take into
account the photon statistics, and the correlation between electron and photon
numbers, in order to find the electron population statistics, in perfect agreement with

the intuitive picture depicted earlier in this section. In the next sub-paragraphs, the
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central formula for the new noise model will be applied to the particular case of the

average value, variance and covariance of the electron and photon numbers.

Evolution of the average photon and € ectron numbers

In order to fully characterize the evolution of the electron and photon average

numbers, let us make N=1 in (4.45) and N'=1 in (4.46), which results respectively in

d
(dr;p> = 86, (Fsom = Taan) - | G f(My) + Gyl PN, (4.48),
: sze> =Ga () (4.49).

Note the similarity between these equations and the DC model of traveling-wave
amplifier photodetectors shown in chapter 2. Just as we did then, we will now define

anet gain per unit length Dg(2) and a cumulative gain G(2) as:

c =D =Gy (Iqem- Taan)- | - G (4.50),

where the initial condition for the cumulative gain is G(0)=1. A cumulative

efficiency h(z) may also be defined:

Z—: =GaG (4.51),

with the initial condition h(0)=0. This definitions alow us to simplify (4.48) and

(4.49) into:
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3/n.\U
ig(n,))u: Gl (4.52).
dzg G H G
din) _ (") ch (4.53).
dz G dz

The solution of these two equationsis then given by:
<np(z)> :G(z)<np(0)>+np’ASE (2) (4.54),

<ne(z)> =h (Z)<np(0)>+ne,ASE(z) (4.55),

where we have defined the average photon number introduced via ASE, n, as=(2), and

the average electron number generated by detection of ASE, neas=(2), by:

sz (1) =Ono(2) 2

dx (4.56),

e (2) = Do 8 (¥)a () 6(x) ey W fsen(¥) o
° & G g
—Dn 2 Np.axe (X) dh(x)d

0(()) G(x) dx

(4.57).

X

Note that this description is entirely equivalent to the optical power and

photocurrent formulations found in chapter 2.

In conclusion, we have used the new noise model for distributed amplifier-
photodetectors to find the evolution of the average photon and electron numbers.

Next, we will find the evolution of the photon number variance.
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Evolution of the photon number variance

The equation describing the evolution of the photon number variance is obtained

by making N=2 in (4.45), and using the simplifications suggested in (4.50) and (4.52):

d<np2>:2< >dG+ZGdg<—>8< )
dz G dz dzg G k (4.58).

+(Ggrst'em +Gylg ap ! +Gaa)<np> + Gy g emDNo

Subtracting from both sides of the equation the derivative of the photon number

squared, we can now find

dsn2

dz

= 2005 , Z +(Gylg.em * Gglg.ap +1 + G2 ) (N ) + Gylig emDNy  (4.59).

Note that this equation could be ssimplified further, but its current form allows for
interesting observations. We can intuitively see from (4.50) that Dg is the rate of
change for the average photon number per unit length. Therefore, since the variance
has dimensions of photon number squared, it is only natural that its rate of change is
2Dg. Thisis expressed by the first term in the RHS of (4.59). The remaining terms
express the rates per unit length of all processes that alter the photon number. This

description is thus completely consistent with a Langevin approach.

Equation (4.59) may be further smplified into:

a8 )l Gran(m) 2 o §)E
g o g & Dndgcty
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The first equality intuitively expresses that the source of excess noise, i.e., noise
not related to pure signal quantization, but introduced by some optical process, is
generated by the random occurrence of the stimulated emission events which provide
gain to the entire photon number, i.e, to the photons generated by amplification of the
input signal and to the photons generated by amplification of the spontaneous
emission coupled into guided modes. The second equality, valid only in the flat-band
approximation, alows us to connect immediately the results from this model with the
classical wave-like approach, since the result of the integration of the RHS will
produce the so-called spontaneous-signal and spontaneous-spontaneous beat noise

terms.

Note finally that the value whose derivative constitutes the LHS of (4.60) could
be understood as a position-dependent “excess photon noise referred to the input”, in
the sense that it is equal to the excess noise at each point in the device, divided by the
square of the gain that the average photon number has experienced from the input up
to that particular position. In other words, for each position in the device, it expresses
the excess photon noise at the input that would produce, after the same amplification

in an ideal amplifier, the same total noise at that given position.

Theinitial condition for (4.60) is obvioudy given by:

=s,%(0)- (n,(0)) (4.62).
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Note that, for an input obeying Poisson statistics, this term is zero. Otherwise, it

will depend on the particular probability distribution describing the optical input.

In summary, the new noise model describes the photon number variance in
complete agreement with previous, well-established results. It shows how the
physical origin of the photon number noise has two sources. signal quantization
(responsible for the shot noise contribution) and randomness in the amplification
process. Intuitive interpretations of the intermediate and final equations describing
the evolution of the photon variance were also offered. The evolution of the

covariance between electron and photon numbers will be calculated next.

Evolution of the covariance between photon and €l ectron numbers

As shown in (4.46), the calculation of the evolution of the electron number
variance requires the knowledge of the evolution of the covariance between electron
and photon numbers. The equation describing the latter is found by making N=N'=1
in (4.44):

d<npne>
dz

= Dg(Nyne) + Gyl DNy () + G2 <np2> -Ga(n,) (462

An intuitive interpretation of this equation from a Langevin point of view is

possible. In order to do that, let us consider the following associations:

dn
(n e

>« <nengnp+GgrstmDnoE|>:Dg<nenp>+GgrstmDno<ne> (4.63);

224



<np %> « <anaa np> =Ga <np2> (4.64).

Note that these are just intuitive associations. The double arrow can never be
substituted by an equal sign. They help, however, to understand that the first three
terms in the RHS of (4.62) describe the evolution of the correlation between electron
and photon numbers due to the evolution of their respective average values. The last
term must therefore represent the noise source. Note that it is equal, with negative
sign, to the rate at which photons are annihilated to generate electrons, i.e., to the rate
of the process that couples the electron and the photon numbers, with negative sign.
Thisis also consistent with a Langevin noise description. Regrouping termsin (4.62)

produces finally the evolution equation for the covariance:

ds o, n, S 2 ;
— =05, +Ga &7 (np)H (4.65).

In other words, the source of the increase in the covariance is the absorption of

excess photon fluctuations. This equation may be further transformed into

s npz - <np> dh
G? dz

és np,ne
G

(4.66).

()
O\

L}
dz

We may recognize that the first factor in the RHS of (4.66) is what we called
earlier the “excess photon noise referred to the input”. Similarly, we may call
“covariance referred to the input” the value whose derivative constitutes the LHS. It

is interesting to note that the source of the “covariance referred to the input” is the

“excess photon noise referred to the input”. In other words, the degree of correlation
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between the electron and photon populations is affected only by the excess optical

noise generated during the amplification process.

Theinitial condition for (4.66) istrivially given by:

=0 (4.67),

since no photocurrent has been generated yet at z=0, and thus the electron population

isidenticaly zero.

In summary, we have discussed the intuitive interpretation and found the simplest
form of the equation describing the covariance between electron and photon numbers.
Proper association of terms shows that this equation is consistent with a Langevin
noise description, and that the source of excess correlation between electron and
photon numbers is due to the absorption of excess photon fluctuations. We will now

use these results to characterize the € ectron variance.

Evolution of the electron number variance

Performing the substitution N'=2 in (4.46) resultsin

a{n’)

dz

=2Ga <npne> +Ga <np> (4.68).

Similarly as in the case of the covariance between electron and photon numbers,

we can perform now the following association:
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dne’\ ol 9\ oG - 2G 4.69
prm « neE « <ne aanp}— aa<npne> (4.69).

The first term in the RHS of (4.68) represents thus the rate of change of the
electron number squared, once the rate of change of the average electron number is
known. The second term is equal to the rate at which electrons are generated, i.e., the
autocorrelation of the Langevin noise source associated to the averaged-sgquared
electron number. Rearranging terms in (4.68) alows us to find a ssmple equation
describing the evolution of the electron number excess noise:

S n,.n, ﬁ

4.70).
dz G dz ( )

The source of the electron number excess noise is thus what we have called the

“covariance referred to the input”.

Since no photocurrent has been generated at z=0, the electron population is

identically zero, and the initial condition isthustrivially given by

&.°(2) (ne(2)§_ =0 (4.71).

Note that the combination of (4.60), (4.66) and (4.70), with the initial conditions
(4.61), (4.67) and (4.71), forms a system of equations solvable by direct integration,

where the solution of one equation isinserted directly into the next.

In conclusion, it has been shown in this paragraph how, starting from the central

equation (4.44) in the new noise model for distributed amplifier-photodetectors,
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equations may be found that allow us, through direct integration, to find the evolution
of the photon and electron number variance, and their covariance, thus describing the
evolution of noise in the simultaneous or alternating presence of gain and absorption.
Intermediate equations were used to find an intuitive interpretation of such evolution,
showing how the excess photon noise is the source of an excess correlation between
electron and photon numbers; this excess correlation is in turn the source of an excess
noise in the electron number. Comparison was aso made intuitively between the
results from the new model and a Langevin interpretation, showing how the rates of
the different processes affecting the electron and photon numbers may be understood

as the autocorrel ation functions of the noise sources.

Consistency of the new noise model with previous models

In the previous section, the new noise model for distributed amplifier-
photodetectors has been described in detail. The equations describing the evolution
of the average value, variance and covariance of the electron and photon number are
intuitively sound. There is good agreement between them and the intuitive picture
that one may paint by looking conceptually at the distributed combination of gain and
absorption, from the points of view of noise sources and correlation between electron
and photon numbers. Before this model may be admitted as a valid description,
however, its consistency with previous noise models need to be established. In order
to do that, it will be shown in this section how the photon statistics master equation

may produce the same equations for the evolution of the photon number statistics,
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provided that the absorption of photons in the detection region is considered as an
additional optical loss. It will be aso shown that, in the absence of optical
amplification, i.e.,, when stimulated emission and absorption and spontaneous
emission in the amplifier do not exist, the new noise model provides the same
description of the evolution of the electron and photon statistics as Bernoulli’s
sampling formula. Part of the mathematical development necessary for this proof is

included in appendix C.

Consistency with the photon statistics master equation

At the beginning of this chapter, noise in traditional SOAs was briefly addressed.
The best description of the photon number statistics in a traditional SOA is probably
offered by the photon statistics master equation or forward Kolmogorov equation
(4.14). Note that this equation offers the description of the evolution of the photon
number probability distribution, whereas the new noise model offers the description
of the evolution of the moments of the photon number probability distribution
through (4.45). In the photon statistics master equation, a is the probability of an
amplification event happening per unit length and per incoming photon, b the
probability of a photon loss event, also per unit length and per incoming photon, and
c isthe probability of a spontaneous emission event happening per unit length. In that
sense, and for the purposes of studying the evolution of the optical signa in

distributed amplifier-photodetectors, we can make the following identifications:

a=Ggylg em (4.72).

229



b=Gylga +1+Ga (4.73).
C = Gylg emDNo (4.74).

Note that these equalities are not mere associations, but identities that hold in a
flat-band approximation. They alow us to rewrite the equations resulting from the

new noise model as

din")  MlaNey iy % neiaNoy
<d§ >:a208i g<np 1>+b20(_1)N §i §<np 1> (4.75).
rcd o Ofny')
&g

Using the linearity of the averaging operation, and Newton's binomia formula,

we can write the following relation:

(4.76).
_ N N+l
—<np(np+1) - N, >
The other sumsin (4.75) may also be rewritten in asimilar way, leading to
d{nN
< P >:a n (n +1)N-n N+ b(n (n -1)N-n N+
dz p\'p P p\''p P 4.77).

sef(n, 3" ")

The photon statistics master equation produces the exact same evolution equation.

In order to prove that, we may expressthe LHS of (4.75) as
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d(nN ¥ ¥
(" >:ié e =8 v I (4.78).
dz dz .2 o Oz

We may now insert into it the photon statistics master equation (4.14):

d(nN ¥ .
< P >=aé en(n+1)" - nN*Up
dz o0 N (4.79).
¥ , R ¥ , R
+bg gn(n- 1)N - nN“HPn +cq .g(n+1)N -nN HPn
n=0 n=0

Obvioudly, the RHS of (4.79) and the RHS of (4.77) are equal, given the
expression of the average value of a function that depends on a statistical variable, as
shown through (4.10). This identification confirms that al the moments of the
photon distribution are identically described by the photon statistics master equation
and by the new noise model. Equivalently, the photon statistics described by both

models are also identical, which proves their equivalence.

In conclusion, we have shown that the new noise model produces the same
description of the photon statistics in a device featuring distributed amplification and
absorption of light as the photon statistics master equation. The only assumption for
this equivalence was the identification of light absorption in the detector region with
another source of optical loss, which is intuitively perfectly valid from the point of

view of light propagation and amplification.
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Consistency with Bernoulli’s sampling formula

For a pure photodetector, there does not exist any emission (stimulated or
spontaneous), or stimulated absorption other than in the detector active region, which
alows us to write rgem=r«ap=r=0. The evolution equation for the average photon
number and its variance can then be rewritten as:

d(n,)

el (Ga +1)(n,) (4.80).

Together with (4.35), it isthen clear that we can rewrite (4.44)-(4.46) as

5. 2 u
diésp_@g:o (4.81),
76 (M) g

d& 2- <ne)H:22<nenp> <ne><np>ud<ne>
dz e (np) &
R (4.83).
= &)
dz g <np>2 i

0)) (4.84),
! .

232



where a cumulative efficiency h(z) has been defined, as aways, by

(4.85).

The result (4.52) is the same as the variance found for a photodetector through
Bernoulli’s sampling formula. Note that, in order to prove the result, we have
assumed the initial condition that both the average value of ne(z), and both its
autocorrelation and its cross-correlation with ny(z) are zero at z=0, which is true since

no photocurrent has been generated at that point yet.

The new model can be furthermore proved to provide exactly the same moments
for the electron population statistics given any arbitrary input photon statistics. In

order to do this, we define the following family of polynomials:

=

Qn [ = x(x- D (x- 2)(x- N+1) = O (x- K) (4.86).

k=0

We complete this definition with Qo[x]=1. From Bernoulli’s sampling formula

we can find that

(Qu[ne])= 5 m(m- 1)...(m- N+1)P',

m=0
3 n- N
—a ng * %Og:n_ gnm N(1-h)"™ (487).

_ Néf ] ; =hN(Qy &,k
=h™Qq n(n-1)..(n- N+1)R, =h <QN319H>

n=0
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Note that, due to the definitions involved in Bernoulli’s sampling formula, ne and

h can be taken at any position z of the detector, but n, is the initial photon number,

and stands in (4.87) for ny(0).

Making again rgem=rsa=r=0 in (4.40), we find that the equation for the

evolution of the electron and photon number statistics according to our new model

can be written as

d N eN - i A i+ .
R

o (4.88).
+Ga éo éo (- 1)N‘i ?l\lzgt\: g<npi+1nej>

After some mathematical development (see Appendix C), we find that this set of
equationsis equivalent to the following set:
@ &g, (Diow en (28 (Qun 81, O8) a(n(2))"
dz €

. = P (4.89).
5 (m(2) g (m(0) %

The solution of the previous equation, assuming once more that the average

electron number and any correlation product involving ne are zero at z=0, is (for N=0)

(Qu-ge(2)g) =h "' (2){Qu- &1, (0)g) (4.90).

Comparing this result to (4.55), we find it to be equal to the one obtained with
Bernoulli’s formula. The electron statistics for a pure photodetector found with

Bernoulli’ s formula are thus exactly the same as those found with the new model.
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In this section, we have presented the new noise model developed to describe the
evolution of electron and photon population statistics in a device featuring both
amplification and absorption, and we have compared it to previous, well-established
models for the limiting cases of a pure SOA and a pure photodetector, finding exact
agreement between their results, thus confirming the validity, in those cases, of the

new model.

Fundamental noise limits for amplifier-photodetectorsin a
guasi-constant optical power regime

Since the concept of distributed combination of amplification and photodetection
IS new, it is interesting at this point to predict the fundamental limitations introduced

by this technique, in terms of noise.

If the gain per unit length is negative and large in absolute value, it has aready
been shown that the device performance is below optimum, since the efficiency is not
much greater than for traditional passive photodetectors, with the addition of a
comparatively large background current. If the gain per unit length is comparable to
the amplification rate Gyrs,em, the behavior of the TAP detector is similar to that of a
traditional detector with optical preamplification. Both these cases were shown to
have these respective behaviors in chapter 2. We will thus restrict ourselves at this
point to the case where the net gain per unit length is close to zero all along the

device, i.e., the case where the cumulative gain may be approximated by one.
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Under these assumptions, it was aready shown in chapter 2 how both the
efficiency and the ASE power generated in the active region are proportional to either
the device length, in TAP detectors with transverse coupling, or to the number of
sections, in devices featuring aternating gain and absorption. Therefore, from
equation (4.60), and making G=1, we can identify the two terms in the expression for
the excess noise as being either linear with position aong the device or with the
number of sections (for the so-called spontaneous-signal beat noise) or quadratic (for
the so-called spontaneous-spontaneous beat noise). The optimum limit will be
reached when the signal-spontaneous beat term dominates, since that would be a
symptom that the signal power is always significantly larger than the background
power. Under this condition, we can estimate to the first order that the excess optical
noise will grow proportionaly with either the device length, or the number of
sections. This, in turn, results in the electron-photon number covariance evolving as a
quadratic function of device position or number of sections (see equation (4.66) with
G=1), and the electron number variance following a cubic law of either of these two
parameters. With all these previous approximations, we can perform the following
approximation for devices with transverse coupling, and of any length L, valid only
when the net gain per unit length is close to zero (and thus when the device quantum
efficiency is proportional to its length):

NF (L) = (s (O); > nez()LZ) ' t_z“ h(L) (4.92).
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In other words, in TAP detectors with transverse coupling, the noise figure will be
proportional to the device efficiency. An equation analogous to (4.91) may be written
by changing the device length L by the number of sections N in a TAP detector with
aternating gain and absorption. An interesting trade-off is thus established, which
will be analyzed in more detail in the next chapter, when the different noise
contributions are quantified. Thiswill alow us to set limits to the range of values of
the input power and device length for which this approximation is valid, as well as
quantifying the proportionality constant between the noise figure and the device

efficiency.

Summary

In this chapter, a new noise model describing the evolution of electron and photon
statistics in the presence of amplification and photodetection was presented. The
need for this model was justified after a brief review of the most commonly used
noise descriptions for amplifiers and detectors, as well as a discussion on the need to
quantify the correlation between electron and photon numbers in the presence of
processes not describable as random sampling. The model was then presented,
showing how the evolution of the electron and photon statistics may be calculated.
This new noise description was then compared with previously existing models,
showing that it predicts the same results as the photon statistics master equation for

conventional SOAs. In the case of traditional photodetectors, it was shown that the
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new model is fully equivalent to Bernoulli’s sampling equation. Finaly, the new

model is used to predict atrade-off between efficiency and noise figure.

References

[1] D.G. Kendall, “On the generalized “birth-and-death” process,” Annals of Mathematical Statistics,
vol. 19, issue 1, pp. 1-15, 1948.

[2] K. Shimoda, H. Takahasi and C.H. Townes, “Fluctuations in amplification of quanta with
application to maser amplifiers,” Journal of the Physical Society of Japan, vol. 12, n. 6, p. 686, 1957.

[3] L.A. Coldren, S.W. Corzine, “Diode lasers and photonic integrated circuits,” John Wiley & Sons,
1995.

[4] E. Desurvire, “Comments on “The Noise Figure of Optical Amplifiers’,” IEEE Photonics
Technology Letters, vol. 11, no. 5, pp. 620-1, 1999.

[5] S. Donati, G. Giuliani, “Noise in an Optical Amplifier: Formulation of a New Semiclassical
Model,” IEEE Journal of Quantum Electronics, vol. 33, no. 9, pp. 1481-8, 1997.

[6] E. Desurvire, “Erbium-doped fiber amplifiers: principles and applications,” John Wiley & Sons,
1994.

[7] M.O. Scully and W.E. Lamb, “Quantum theory of an optical maser 11l. Theory of photoelectron
counting statistics,” Physical Review, vol. 179, n. 2, p. 368-74, 1969.

238



CHAPTER 5
Noise properties of TAP detectors

In order to describe the noise characteristics of Traveling-wave Amplifier
Photodetectors (TAP detectors), a new distributed particle-like noise model has been
developed. This model was described in detail in chapter 4. In this chapter, the
results of its application to the TAP detector configurations studied in this dissertation
will be presented. First, the need to take into account both forward- and backward-
propagating signals, and the simplifications used to do so, will be presented. Then,
the noise introduced by the coupling efficiency into the device, and the effect of the
initial amplification region (whenever it exists) will be discussed. Next, the new
noise model presented in the previous chapter will be applied to TAP detectors with
alternating gain and absorption, and then to devices with transverse coupling.
Finally, conclusions will be drawn as to the effect of noise, paying especial attention

to the trade-off between efficiency and noise figure.
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Forward- and backward-propagating optical signals

In the presence of distributed amplification and absorption, amplified spontaneous
emission (ASE) is generated both co-propagating and counter-propagating with
respect to the input signal. In chapter 2, it was shown that the effect of both needs to
be taken into account when studying the background current of TAP detectors. The
inclusion of both is thus necessary also to fully describe the noise characteristics of

these devices.

<
2
S ne, fwd f @ %
f\f\, — > + backward-traveling light
forward-traveling light <

2
{S ne,bck

2 2

_ 2
Sne _Sne,fwd +Snevbck

Figure 5.1: Representation of a single device with forward- and backwar d-propagating
light as two different devices. The device representing the effect of back-propagating
light presents no optical input. The electron number variances found from both devices
may then be added to find the total electron number variance for the entire device. Note
that this figure shows only forwar d- and backwar d-propagating light. Each one of these
two will in turn generate forward- and backward-propagating photocurrent, as
discussed in chapter 3.
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A magor simplification is however possible, since forward- and backward-
propagating ASE terms are uncorrelated with one another. We may thus assume that
a TAP detector is made by the juxtaposition of two fictitious devices, where light

propagates only forward or backward, as shown in figure 5.1.

The photocurrent noise generated by the forward- and backward-propagating
optical signals may be found separately, then added to find the total photocurrent
noise. Thissimplification is possible due to the statistical independence between both
noise components, which is in turn caused by the statistical independence between
forward- and backward-propagating optical signals. This independence requires, of
course, that no feedback exists between both components, i.e., no optical reflections
exists a either end of the devicee. We may therefore analyze the noise in TAP
detectors by considering only forward-propagating light in two different devices, the
actual device that we are ssmulating and the device resulting from exchanging input
and output. As shown in chapter 4, under this assumption the evolution of electron
and photon number average values, and their variances and covariance, are described

by the following equations:

Eeé< ()>u_ Gy (2)s.em(2)
azg G(2) | Dn, c(2) (5.2).

(5.2).
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Eg &2 (2) d G*(2) Dn, dz & G*(2) 5(5.3).
d S (FU_s07(2)-(np(2) dh (2)
dzg 2) § G*(2) dz (54
4&0°(2)- (n(2)f__snn, (2 an(2) 55).

Theinitial conditions to these equations depend on many factors. One of them is
whether forward- or backward-propagating light is being considered. Another one is
the presence or absence of an initial amplification section. The coupling efficiency
into the device plays arole too. In order to take into account all these effects, we will
introduce the coordinate system shown in figure 5.2. Let z be, as adways, the
direction of propagation, its value being O at the device input and L at the device
output. However, we will define the device input and output, for the purposes of
noise calculation, as the beginning and the end of the absorption sections, i.e., thereis
no absorption for z<0 or for z>L, but for any value of z strictly contained between
these two, photocurrent is generated at some location between 0 and z, and between z

and L. Amplification may also exist for O<z<L.
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Figure 5.2: Choice of coordinates for TAP detectors for the purposes of noise
calculation. Theinitial conditions for the backward-propagating optical signal include
all average values and variances being zero at z=L. The initial conditions for the
forwar d-propagating optical signal include the average electron number, the electron
number variance and the covariance between electron and photon humbers being zero
at z=0. Indicated in the figure are the coupling efficiency h., the gain of the initial
amplification region G;, the average photon number nase 1 generated in it in the form of
forward-traveling ASE, and the fraction of photons h;g that survive the isolation region
between theinitial gain section and therest of the device.

With this choice of coordinates, it is obvious that no photocurrent is generated by

forward-propagating light for negative values of z, resulting in

sn2(0)=s ., (0)=(ne(0)) =0 (5.6).

For the fictitious device that allows us to take into account the noise contribution
generated by the backward-propagating light, the roles of O and L are reversed.
Assuming that there is no further amplification for the forward-propagating light
when the absorption ends, we can assume that no backward-propagating light is

generated in what would be negative values of zin said fictitious device, resulting in
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sy 2(0)=(ny(0)) =0 (5.7).

Let us now consider only forward-propagating light. As shown in figure 5.2, the
most general incarnation of a TAP detector features an input with a certain coupling
coefficient, followed by an initial amplification section that may or may not exist, and
finaly an isolation section between this one and the beginning of the absorption at
z=0. This obviously resultsin the following initial conditions for the noise generated

by the forward-propagating light:

(n5(0)) =higGie (Np). +higy (N ase ), (5.8).

s0,2(0)=(n, (0)) +hig'Ghe §s 7). - (o), 2
, (59

+Dni0hisozGlhc<np>in (np,ASE )1 +Dnioghiso (np,ASE )13

In these equations, h is the input coupling efficiency, G; the gain of the initial
amplification section, (Nyase)1 the average photon number per unit time generated
inside it in the form of forward-propagating ASE, his, the fraction of photons that

survive the isolation region and &nyfi, the average input photon number per unit time.

Note that the right hand side (RHS) of equation (5.9) contains severa terms,
expressing the contributions from shot noise (first term), the coupling and
amplification or attenuation experienced by the input noise (second term), and the
gain fluctuations in the initial amplification section, if this one exists (third and fourth
terms). All these contributions are thus taken into account by using (5.8) and (5.9) as

the initial conditions for the calculation of the noise generated by the forward-
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propagating light. Note that the case where no initial amplification section exists is

described simply by making G1=1, (npas£)1=0 and hix=1in (5.8), (5.9).

In conclusion, in this section the formalism necessary to take into account the
effect of both forward- and backward-propagating light has been introduced. The
initial conditions necessary to take into account the effect of coupling loss and an
initial amplification sections have also been described. In the next section, the effect
of the coupling loss and the initial gain section will be discussed, using these initial

conditions as a starting point.

Effect of coupling loss and initial amplification section

In the previous section, initial conditions for the equations describing the
generation of noise in the presence of distributed amplification and photodetection
were introduced. Theseinitial conditions are affected by the coupling loss, and by the
characteristics, and the presence or absence, of an initial gain section. This section
will discuss these effects in the total noise generated by the device, more specifically

initsnoise figure.

One important characteristic of the noise figure is its dependence on both the
input noise and the average value of the input signal. As an example, let us consider
the noise figure NF; associated to the initial gain section, including the coupling
efficiency into the device, and the effect of the isolation section, which may be

though of as an output coupling efficiency:
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NF, = n -
(547),, graeic (ny), &
=1+ <np>‘” gz(np'ASE)1+ LI 3 (5.10).
(S np2 mg thano thlhiso u

The average input photon number and its variance obvioudy affect the noise
figure. Intuitively, if the input signal is very noisy, the degradation produced by the
introduction of a fixed amount of additional noise is not as significant as when the
input signal is close to being noise-free.  Furthermore, the effect of any noise
contribution independent on the input signal will become smaller as the input signal
grows stronger. The combination of these two effects results in the well-known
formulafor achain of amplifiers:

NF- 1, NF, - 1

NF = NF, + b=
G G,G,..Gp.q

(5.11),

where NF is the noise figure of the entire chain, which consists of n amplifiers of
gains G;, and noise figures NF;, where i is any integer between 1 and n. Thisformula
is strictly valid for electrical amplifiers as long as the total noise generated may be
expressed as the sum of the amplified input noise and an excess noise term
independent on the input signal, G; being the power gain of the electrical amplifier,

i.e., the signal (current or voltage) gain squared.
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In optical amplifiers, this same equation may be obtained, but its meaning is
dlightly different. Equation (5.11) results after assuming that the gain provided by the
first amplifier is large enough for the signal-spontaneous beat noise term to dominate
for all other elements in the chain. G; would be in this case the optical power gain,
i.e., the signal gain. Equation (5.11) may not thus be applied blindly, and either
assumptions need to be made about the input noise, or the resulting noise figure needs
to be expressed as a function of it. It is customary, however, to consider that any

optical signal will exhibit Poisson statistics after propagation over long distances, i.e.:

(S n, )m =(ny),, (5.12).

This assumption will be used throughout the rest of this chapter.

Let us now consider the particular case where no initial amplification section

exists:
(no (0))=he(np). (5.13).
sn,(0)=he (1- he)(ny), +he?(s?) (5.14).

Caling NFtap the noise figure describing the effect of the combination of
distributed amplification and absorption (i.e., the effect of the device section
contained between z=0 and z=L), and NF the noise figure for the device, including the

effect of coupling efficiency, we can write:
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(5.16).

In these equations, h(L) is the efficiency from the device from z=0 to z=L, i.e,, the
ratio between the photocurrent generated from z=0 to z=L by the signal (disregarding
the contribution to the current from the absorption of spontaneous emission or ASE)
and the optical power coupled into the device at z=0, expressed in electrons per
photon. It is not possible obviously to write the output signal as &ne(L)fi since this
quantity includes the contribution from ASE current and spontaneous emission

current, which are not part of the desired signal.

In finding equation (5.15), it has been used that, when the input signal exhibits
Poisson statistics, the optical signal at z=0 does too, since the coupling is a random

selection process.

We can therefore conclude that the noise figure of the entire device is inversely
proportional to the coupling efficiency. Furthermore, this result is independent of the
nature of the device into which light is coupled, as long as the input optical signal
exhibits Poisson statistics. We can therefore use (5.16) to describe the effect of the
input coupling efficiency when an initial amplification section exists. In this case, the

noise figure of the entire device is described by the following equation:
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hC hCGl

NF =

(5.17),

where we have used simultaneously the noise formula for an amplifier chain (5.11),
and the equation describing the effect of input coupling loss (5.16). Note that the
total noise figure is again inversely proportional to the input coupling efficiency, asin

traditional SOAs.

Equation (5.17) expresses very powerfully an interesting trade-off that will appear
in TAP detectors featuring an initial amplification section. Even if the noise
generated by the distributed combination of gain and absorption is large (i.e., even if
NF1ap is large), its effect may be largely reduced by the introduction of an initial
amplification section with strong gain. However, this would result in saturation for
smaller input optical power. In other words, atrade-off between saturation power and
noise figure appears in TAP detectors featuring an initial amplification section. As
mentioned in chapter 2, the presence of an initial amplification section does not affect

significantly the maximum unsaturated photocurrent.

In summary, in this section the effect of input coupling and an initia
amplification section has been discussed. It has been shown that the noise figure of
TAP detectors is inversely proportional to the input coupling efficiency, which needs
thus to be as large as possible. It has also been shown how the introduction of an
initial gain section may contribute to a reduction of the noise figure, barely affecting
the maximum unsaturated photocurrent, though decreasing the maximum input power

allowable before the device saturates.
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Once the effects of the initial amplification region and the coupling efficiency
have been discussed, the following sections will concentrate in the noise generation
due to the distributed combination of amplification and absorption, in the particular

configurations studied in this dissertation.

Noisein TAP detectorswith alternating amplification and
absorption

In this section, the noise generated in TAP detectors with alternating gain and
absorption will be studied. First, the electron number variance will be found, using
the noise model for distributed amplifier-photodetectors introduced in the previous
chapter. Next, the noise figure and the different contributions to it will be discussed,
giving quantitative values and establishing a trade-off between noise figure and

efficiency.

Electron number variance

For the purposes of noise calculation, we will use in this paragraph the same
assumptions as for the calculation of the efficiency and the ASE current, consistently
with what was presented in chapter 2. In other words, al periods will be assumed
identical, and inside each one of them the stimulated emission and absorption
normalized to optical intensity, or the material absorption, will be assumed to be

constant.
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Let us now define &yft, as the average photon number arriving to the n-th
absorption section per unit time, and &.f}, as the average number of photocurrent

electrons generated by the n first detection sections per unit time, as expressed

schematically in figure 5.3.

Figure 5.3: Schematic representation of a TAP detector with alternating gain and
absorption for the purposes of noise calculation. The effect of the input coupling
efficiency and thefirst gain section (when it exists) are taken into account into the signal
that arrives at the beginning of thefirst absor ption section, i.e., z=0. The subscript n will
indicate that the corresponding value is evaluated at the n-th absorption section. Note
that the average photon number and the photon number variance are evaluated at the
beginning of the section, whereas the average electron number, the electron number
variance and the covariance between electron and photon numbers are evaluated at the
end of the same section. Given equations (5.3)-(5.5), the photon number variance
referred to the input does not change in the absorption (lighter) sections, whereas the
electron number variance and the covariance between the electron and photon numbers
remain constant in the amplification (darker) sections.

Equations (5.1) and (5.2) are solved very similarly in the same manner used to

find the optical power and photocurrent in chapter 2, yielding the following results:

n-1_
(np), =06™(n, (0)) + o e (518)
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hOn,e (5.19),

where the net gain per section DG and the efficiency of each detection section h®
have been defined identically as in chapter 2. The average number of ASE electrons
generated in each amplification section that arrive to one of the immediately adjacent

absorption sections, na™”, is defined as:

0 =y, Saem (G0 _4py,

. 5.20).
nASE is0 Ggg - e g o] ( )

In obtaining (5.18) and (5.19), we have used the obvious initial conditions
an,fi=an,(0)f and &nefi=hVan,f. Equation (5.3) may be solved directly using (5.18),

resulting in:

n-1_ 1
+2DG”‘1DG—1(np (0)) e~ (5.22).

The solution of equation (5.4) can be considerably simplified in TAP detectors
with alternating gain and absorption, since obviously the source terms of this equation
and of (5.3) are never nonzero ssimultaneously. This fact produces quite trivially the

following simplification:
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(5.22),

where we have defined h, as the cumulative internal efficiency of the first n detection

sections combined:

N (11 = h@ (5.23).

After some mathematical development, the following expression is found for the

covariance between electron and photon numbers:

(5.24).

(DG"- 1)(DG™* +1)- 20DG™*(DG - 1) §race™ 32

DG™(DG - 1)° Dn,

+h (1)

The optical gain G in the denominator of the left hand side (LHS) is the gain
experienced by the signal up to the end of the n-th detection section, and is therefore
not equal to DG™ * with respect to the average photon number at z=0, but equal to that
number multiplied by the fraction of photons that survive one absorption region. If
the optical lossin each of these detection regions is negligible compared to the optical
absorption, and all electron-hole pairs generated are collected, this fraction is equal to

1- h®, resulting in:
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[s,0), = a-n?)o6m 21 2(0)- (ny (0))8

+20(1- h) oG DG”- nbG+n- 1<np(o)>L5E(l)

(DG- 17 n,
+h(1) (1_ h(l))(DGn - 1)(DGn-1+1)- 2nDGn-1(DG_ 1) gnASE(l) %2
(DG- 17 Dn,
(5.25).

Finally, the electron number variance may be calculated. Before doing that,
equation (5.5) may also be simplified, integrating the RHS by parts and using (5.4),
and profiting once more that the excess noise referred to the input is constant in the
detection section, which is the only part of the device where the derivative of the
efficiency is nonzero. After using (5.22) and (5.23) to provide some simplification,

we find:

2
-2£ ne,np 0 h (S np )n i <np>n 4 2 _ h Zu
%1 (5.26).
— 2 y 1 £ne'np(.)
_gsne )n_l <ne>n_la+21()DG”1 6 E

Using now the results obtained in (5.21) and (5.24), we may finally express the

total electron number variance for a device of N absorption sections:
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(s nj)N =hy2$&,2(0)- (n, (0))d
+hy (0, (0)) +k g (DG, N)hynpee

o
Hgq- o (DG, N, (0)) A= (5.27),

Ko

where the following coefficients have been defined:

DGN - NDG+N-1

Ke(DGN)=2 5.28),
ol ) (DG-1)(DGN-1) (5.28)
2N N
ksig-Sp(DG’N)ZZDG - D6- (2N 1)BS z(DG- ) (5.29),
(oG- 1)(DG" - 1)
2N N+1 N 9
Ko o (DG N) =22 - 4(N- 1)DGN* +4NDGM - NDG2- 4DG+N - 1

(DG- 1)*(DGN - 1)°

(5.30).

The factor of 2 in (5.28) and (5.30) reflects the effect of both forward- and
backward-propagating ASE. This is a consequence of the symmetry of the device
when all periods are identical, and when the position z=0 is chosen at the beginning of

the first detection section, as shown in figure 5.3.

For an input featuring Poisson statistics, the noise figure of a TAP detector
without an amplification section, and with unity coupling efficiency, would be

expressed as follows:
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NFope =L Gk (DG,N) e (DG, N) =
Toheg T (o)) T Dng
5.31).
Y o
K g g (DG, N) 7o
o (np (0)) D0,

The first term in the RHS shows the contribution from shot noise to the total noise
figure, whereas the second and third express the contribution from what is classically
called signal-spontaneous and spontaneous-spontaneous beat noise. We will call kg
the spontaneous emission noise coefficient, Ksg.sp the signal-spontaneous beat noise
coefficient and kg the spontaneous-spontaneous beat noise coefficient, following
the classical interpretation for the origin of these noise contributions. These

coefficients will be plotted and discussed in the next paragraph.

Contributions to the noise figure

In the previous paragraph, the electron number variance in the current generated
in TAP detectors with aternating gain and absorption was calculated, allowing the
noise figure to be written as given in equation (5.31). These equations show the
contributions to the noise from shot noise and gain fluctuations. For simplicity in the
notation and for greater intuitive clarity, coefficients ke, Ksgsp and Ke.qp Were
defined, allowing the quantification of the noise contribution generated by shot noise
due to the ASE current, gain fluctuations affecting the signal and gain fluctuations

affecting the ASE, respectively. These coefficients will now be discussed.

256



The spontaneous emission noise coefficient Ky is actually equal to the ASE
current generation coefficient kass discussed in chapter 2, and plotted for TAP
detectors with aternating gain and absorption in figure 2.35. It will just be reminded
here that its value tends to N- 1 when absorption and loss dominate, to /DG when

gain dominates, and when gain, absorption and loss are close to cancellation, it may

be approximated by the following formula:

D

N-1)6 (N+1 ‘
DG:l:( - ). ( g)(DG-l)é (5.32).

(06N

D:

The signal-spontaneous beat noise coefficient Ks.-sg is plotted in figure 5.4.

Sig-sp

Signal-spontaneous beat

noise coefficientk

Net gain per period DG

Figure 5.4: Signal-spontaneous beat noise coefficient kgq.q for a TAP detector with

alternating gain and absor ption as a function of the net gain per period and for different
number of periods.
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The signal-spontaneous beat noise coefficient reaches a maximum when the net
gan per period is close to 1. Obviously, when either the absorption or the loss
heavily dominate, the signal does not survive long, and neither do its random
fluctuations, resulting in the shot noise component dominating the noise figure. In
order to fully understand the device behavior when the net gain per period is very
large, let us assume that the noise figure is so heavily dominated by the signal-
spontaneous beat noise term that al other terms in (5.31) may be neglected.
Furthermore, and using the traditional equations for an SOA, let us write the ASE

photon number generated by each gain section as:

M (G(l) i 1) Dn,, (5.33),

where G is the gain of each individual amplification section and N its population
inversion coefficient. When the optical loss| is neglected, and the fraction of photons
his surviving each isolation sections is approximated to 1, we may write the net gain

per period as:
pG =Gl (1- h (1)) (5.34).
Thiswould allow usto write (5.31) as:

2 nsp(DG' 1+h(1)) 2ng,

NF; AP|DG>>1 = e (5.35).

1-n@  1p@

This result may be understood as follows: after the first absorption region,

amplification heavily dominates, and most of the photocurrent is generated in the last
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sections of the device. Each amplification section has been assumed to present the
same value of the population inversion coefficient ng, and since the absorption and
the loss are overwhelmed by the gain, we may assume a noise figure of 2ng, for the
optical signa propagation from the end of the first absorption region to the beginning
of the last one. Since the gain experienced by the optica signa is large, the
additional noise introduced by the photodetection process in the last absorption region
may be neglected. However, the first absorption region produces a signal attenuation
of 1- h®, making it necessary to divide by this value the noise figure associated to the
rest of the device, from the end of the first detection section up to the output. The

result of thisintuitive argument would result in (5.35).

Finally, when linearized around DG=1, the signal-spontaneous beat noise

coefficient becomes:

_(2N-1)(N-1) gl (2N +1)(N +1)

k -
DG=-1 3N g 60

DG,N)|

0
sg-sp ( (DG- 1)23 (5.36).

In other words, the signal-spontaneous beat noise coefficient, in the case where
the gain and the absorption are close to cancellation, is roughly linear with N,
approaching 2N/3 for a large number of sections. It isinteresting to note the absence
of a linear term when this coefficient is expanded around DG=1, leading to a
maximum in its value when the net gain per period is exactly 1. This is not
surprising, because equation (5.36) shows how, given a certain net gain per period,
the noise due to gain fluctuations affecting the signal increases with the number of

periods. When the gain diverges from 1, less periods will contribute effectively to the
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total photocurrent, the ones closer to the device input when the gain drops below 1,
the ones closer to the end of the device when the gain grows above 1. The obvious
conclusion is that the contribution of the signal-spontaneous beat noise will be

greatest when the net gain per period is exactly 1.

N=10

SN
o

psp
w
o

Spontaneous-spontaneous beat
noise coefficient k
S

10

Net gain per period DG

Figure5.5: Spontaneous-spontaneous beat noise coefficient kg, s, for a TAP detector with
alternating gain and absor ption as a function of the net gain per period and for different
number of periods.

The spontaneous-spontaneous beat noise coefficient K5 is plotted in figure 5.5.
Same as the spontaneous emission noise coefficient Ky, this coefficient tends to an
asymptotic value that depends only on the photon number when absorption heavily
dominates. This is due to the fact that each detector receives mostly spontaneous
emission from the immediately neighboring gain sections, the contribution from the
rest of the sections being negligible due to the heavy net attenuation experienced by

the optical signal in each period. This behavior extends to the fluctuations in the ASE
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and the current associated to its detection. The value towards which the spontaneous-
spontaneous beat noise coefficient tends when absorption and loss dominate is

2(N- 1).

When amplification dominates, the spontaneous-spontaneous beat noise
coefficient tends to 2/DG? as the net gain per period increases. Assuming that this
contribution dominates and the rest of the noise sources are negligible, we could write
the noise figure for TAP detectors with alternating gain and absorption, in the limit of
high net gain per period, as.

2
2 1
) Ny (DG-1+h()) D, 20 %Dn,
NFpap |DG>>1 = = (5.37).

P (i) (@) (1) {ne(0)

This equation is entirely analogous to (5.35), and so is its interpretation, except
this time the dominant term in the amplifier noise figure is associated to the so-called
spontaneous-spontaneous beat noise. In fact, when this term dominates, the noise

figure for an SOA may be approximated by:

The factor of 2 appears in (5.37) because in TAP detectors both forward- and
backward-traveling ASE need to be considered. The factor (1- h™)? appears in the
denominator because the spontaneous-spontaneous beat noise is independent of the

input signal, and therefore equation (5.11) needs to be interpreted as in the case of a
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chain of electrical amplifiers, not as in the case of a chain of optical amplifiers
dominated by signal-spontaneous beat noise. Thus, the gain of the first “amplifier” of
the chain, i.e., an attenuation of value 1-h®, needs to appear squared in the

denominator.

In the case where the net gain per period is close to 1, we can use the following

approximation for the spontaneous-spontaneous bet noise coefficient:

(N-1)(N2- N+1)€  (N+1)(NZ+1 u
kSP'Sp(DG’N)‘DGzlz (3N )gl 5(N2.(N+1))(DG_1)E
e u

(5.39).

In other words, the spontaneous-spontaneous beat noise coefficient exhibits
roughly a quadratic dependence with the number of sections, approaching N%3 for
large number of sections. The previous argument used for the case of the signal-
spontaneous beat noise coefficient does not apply here, since the signal and the ASE
evolve differently. When the net gain per period grows, its value being in the vicinity
of 1, the efficiency grows faster than the ASE current, as shown in chapter 2. This
results obviously in the spontaneous-spontaneous beat noise coefficient decreasing as

the net gain per period increases while having always values closeto 1.

In summary, this paragraph has discussed the coefficients describing the noise
contributions from different sources in TAP detectors with alternating gain and

absorption. The total noise figure will be discussed in the following section, paying
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special attention to the trade off that appears between this parameter and the device

efficiency.

Noise figure

Once the different terms contributing to the noise figure of TAP detectors have
been studied in the previous paragraph, it is important to provide some quantification
for said noise figure, especially in the case where the loss is negligible and the
amplifier medium is fully inverted. This case provides the fundamental limitation for
the best achievable noise figure. We will assume that, whether gain and absorption
exactly cancel out or not, the ASE spectra power density generated in the
amplification sections may be approximated by its value when the net gain per period

isexactly 1, leading to:

@) (1)
Nase” _ h
— = (5.40),

where equations (5.33) and (5.34) have been used. Note that, under this
approximation, the ASE spectral density depends only on the efficiency of each
detection section. This is a direct consequence of assuming that the role of each
amplification section is to exactly compensate for the optical power lost to the

photocurrent.

We are obvioudly interested in the case where the total device internal efficiency
hy is much larger than 1. In this case, and using (5.40), equation (5.31) may be

approximated as.
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(1) 0 &
DG, N)-"_+k ghn_ 2 _Dn

NF o =k _« (DG,N + 0
TAP Lp@ sp( )‘g‘l_ n@ - <np (0)>

(5.41).

Sig-sp(

The factors of 1- h® in the denominators have already been explained intuitively
as an effect of the attenuation of the optical power introduced by each detection
section (especially the first one), being squared in the case of the spontaneous-
spontaneous beat noise contribution since this one does not depend on the input
optical power. As discussed in chapter 4, the rates of the amplification and detection
processes are the sources of fluctuations in both the photon and electron numbers.
Consequently, when the gain and absorption are close to cancellation, the integration
of both rates over one period is practically equal to the efficiency of each detection
section. The efficiency of each detection section appears thus multiplying both
contributions, reflecting in the case of the signal-spontaneous beat noise term the
fluctuations in the gain experienced by the signal, and in the case of the spontaneous-
spontaneous beat noise term the fluctuations both in the generation of spontaneous
emission, and its subsequent amplification. In the latter case the efficiency of each
detection region is thus squared in the noise contribution. The beat noise coefficients,
Ksg-sp and Ksp-sp, reflect thus the effect of the distributed combination of amplification
and absorption, in particular the mismatch between them leading to a possible net
gain per period, the number of periods, and the presence of backward-propagating
ASE. Note that in the case of exact cancellation between gain and absorption, leading
to adevice interna efficiency (not counting the effect of a possible first amplification

section) of hy=NhY we may write the noise figure as having the following limit:
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2 h 12 h O Dn
NFppp = = —N—+ N - 0
™ =31 0@ 3§ n @ (n, (0))

(5.42).

For a large input optical power, this results in the following limit in the case of
TAP detectors with alternating gain and absorption and without an initial

amplification section:

NF,, = 2_ hy (5.43).

3hc(1- h(l))

Equation (5.43) is therefore a very important result, since it shows the optimum
noise figure that may be obtained in TAP detectors with alternating gain and
absorption when the net gain per period is exactly 1. The subscript “ext” is used to
denote that the effect of the input coupling efficiency has been considered. Taking
into account that the external efficiency for these devices is equa to the internal
efficiency hy multiplied by the input coupling efficiency h., we may write the

optimum ratio between the total noise figure and the external quantum efficiency:

NFeq 2 1 (5.44).

heq 3hC2(1- h(l))

Equation (5.44) thus stresses two important issues about TAP detectors. From one
side, a large input coupling efficiency improves drastically the noise performance of
these devices. Furthermore, total device efficiency may be increased by raising the
efficiency of each individual detection section. However, not only the noise figure,

but even the ratio between noise figure and device efficiency increase as the
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efficiency of each detection section grows. Careful design of the efficiency of each
detection section is therefore needed to achieve high efficiencies and low noise

figures simultaneoudly.

After these considerations have been made, let us consider once more the more
general case where all contributions to the noise figure are taken into account. For
the remainder of this paragraph, it will be assumed that an initial amplification section
does not exist. Note that in some of the contributions to the total noise figure, namely
the shot noise associated to the ASE current and the spontaneous-spontaneous beat
noise term, the optical power contained in the input signal is present. It isinteresting
to write this input power, in photons per second, normalized to the amplifier
bandwidth. Let usthen assume that the amplifier bandwidth isin the order of 15THz.
For an emission wavelength of 860nm, typica for GaAs quantum well-based
material, this corresponds to a linewidth of approximately 37nm, in the order of
typical values for common GaAs-based amplifiers. At the same time, 15 10%
photons per second correspond, for a photon energy of 1.424eV (i.e., GaAs bandgap

energy) to approximately 3.4mV. We may then write, as afair approximation, that:

<”gr(]0)> _ m (5.45).

[o]

Let us consider first the case where the net gain per period is exactly 1. Assuming

that optical lossis negligible, equation (5.31) may then be approximated by:
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Figure 5.6: Noise figure for a TAP detector with alternating gain and absorption
consisting of N=2 periods (top left), N=6 periods (top right) and N=10 periods (bottom)
as a function of the efficiency of each detection section and for different input optical
powers (full lines), when the net gain per period is 1. The total external quantum
efficiency (dashed line) is also plotted. The horizontal dash-dotted line marks an
external quantum efficiency of 100%. Theinput coupling efficiency is 50%.
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The coupling efficiency will be assumed to be, as aways, 50%. Figure 5.6 shows
the total noise figure (expressed in dB) as a function of the efficiency of each
detection section, and for different input optical powers and different numbers of
periods. The external quantum efficiency is also plotted in logarithmic scale for

comparison.

Several interesting features may be deduced from these plots. First, the shot noise
due to the input signal dominates when the efficiency of each detection section islow.
Thisis quite obvious since the shot noise is the only contribution that grows when the
efficiency of each section decreases, and the lack of an obvious dependence with the
input power shows that the effect of the shot noise due to ASE may be neglected.
This is intuitively explained by considering that, if the efficiency of each detection
section is very low, and the net gain per period is 1, then the gain of each
amplification section, and thus the ASE generated in it, must be very small too. For a
larger efficiency in each detection section, the gain of each amplification section
increases in order to maintain the situation where gain and absorption cancel. This
results in signal-spontaneous or Spontaneous-spontaneous beat noise terms
dominating. The former will dominate over the latter as the input power and as the
efficiency of each detection section increases. This causes the different curves to
move away from one another. It also causes different curves to start diverging for
larger efficiencies when they represent the noise figure associated to larger input

powers.
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It may also be observed that the noise figure always reaches a minimum. Given a
number of sections in the device, this minimum is obtained for similar values of the
efficiency of each detection section. The minimum deviates slightly to lower
efficiencies and reaches a higher value when the power decreases, indicating a larger
contribution from the shot noise due to the ASE. Finadly, note that the minimum is
almost identical for al numbers of periods, whereas it is reached for lower efficiency
in each detection section as the number of periods increases. However, these values
of the efficiency of each detection section produce, for the different devices with
different numbers of periods, approximately the same external efficiency, whichisin
the order of 50%, or equivalently an internal efficiency of 100%. As the total device
efficiency grows by increasing the amount of light absorbed in each period, the gain
of each amplification section increases with it, resulting in a larger production of
noise due to gain fluctuations. At the minimum, the largest contribution to the noise

figure is originated by the coupling loss (3dB out of the total 5dB).

Finaly, let us investigate the behavior of the noise figure as the net gain per
period deviates from 1. Figure 5.7 shows the noise figure for a device with 6 periods,
where the efficiency of each individual detection section has been kept at 50%, and

for different values of the input power.
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Figure 5.7. Noise figure for a TAP detector with alternating gain and absorption
consisting of N=6 periods as a function of the net gain per period and for different input
optical powers (full lines). The total external quantum efficiency (dashed lineg) is also
plotted. The horizontal dash-dotted line marksan external quantum efficiency of 100%.
Theinput coupling efficiency and the detection efficiency of each absorption section are
assumed to be both 50%.

Since the net gain per period is now allowed to change, the approximation to the

ASE power spectral density made in (5.40) is not valid anymore. We use instead

nASE(l) (G(l) 1) _DG- 1+h®

SRR LR R (5.47),

assuming once more that the population inversion factor is equal to 1. Since the
efficiency of each detection section is 50%, we will furthermore assume that the net
gain per period cannot be smaller than 0.5, this value being reached when the

amplification regions are transparent.
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The graph shows an initial onset of the noise figure when the net gain per period
starts growing from its minimum value of 0.5. This value is reached when the
amplifier is at transparency. We may then assume that the amount of ASE produced
is very small, and the noise figure of the device is dominated in all cases by the
coupling loss. As the net gain per period increases, so do the production of ASE and
the gain fluctuations. However, these effects are compensated by the larger
efficiency, resulting overal in relatively small variations in the noise figure for values

of the net gain per period larger than 1.

Finally, note that the values for the noise figure found for these devices are rather
large, especially for input powers in the order of 1MW or lower. As mentioned at the
beginning of this section, an initial amplification section may contribute to a
reduction in the noise figure. We can therefore conclude that this section is thus
important, and should always be present in TAP detectors designed for applications

where the noise properties are crucial.

In summary, the noise figure of TAP detectors with aternating gain and
absorption has been discussed in this paragraph. It has been shown that a limit for
ratio between the noise figure and the efficiency exists, which depends mostly on the
coupling efficiency and the detection efficiency of each absorption section. Careful
design has been shown to be necessary to achieve simultaneously high efficiency and
low noise figure approaching this limit. Finally, it has been shown that variations in

the net gain per period produce relatively small variations in the noise figure. The
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noise figure in TAP detectors with alternating gain and absorption and no initial

amplification section is thus mostly dominated by the design of the detection section.

This section has studied the behavior of TAP detectors with respect to noise.
Intuitive explanations and quantitative calculations have been provided to describe
the noise properties of these devices. The effects of the coupling loss and of a
possible initial amplification section have been studied, showing the importance of a
high coupling efficiency, and the possibility to reduce the overall noise figure by
including a gain section at the beginning of the device, rather than having a detection

section first.

Noise in TAP detectors with transverse coupling

In this section, the noise generated in TAP detectors with transverse coupling will
be studied. First, the electron number variance will be found, using the noise model
for distributed amplifier-photodetectors introduced in the previous chapter. Next, the
noise figure and the different contributions to it will be discussed, giving quantitative

values and establishing a trade-off between noise figure and efficiency.

Electron number variance

For the purposes of noise calculation, we will use in this paragraph the same
assumptions as for the calculation of the efficiency and the ASE current, consistently
with what was presented in chapter 2. In other words, the material gain and

absorption, the stimulated emission rate normalized to the optical intensity and the
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different confinement factors will be assumed to be position-independent. The device
input (meaning by it the beginning of the simultaneous gain and absorption) will be
located at z=0, and the end of the device at z=L. Under the aforementioned
assumptions, equations (5.1) and (5.2) may be easily integrated, resulting in the
following position-dependent average photon number and total electron average

number:

P -1

(n(2)) =€ (n, (0)) + o (ngrstlem)Dn0 (5.48).
Dol _
(ne(L)) = 2—H(GaL)(n, (0))
(5.49).
+eDgL'—1'2DgL(Gaa L)(Gyls eml) DN
(Dt )
The position-dependent cumulative efficiency h(z) isthen given by:
h(z)= eDgng' lca) (5.50).

The net gain per unit length Dg has been defined, as always, as the difference
between gain and absorption, multiplied by their respective confinement factors, and
minus the modal loss. These results are completely analogous to the equations
describing the optical power, current and ASE current found in chapter 2. Using this
value of the average photon number, we can calculate the excess photon noise

referred to the input using equation (5.3):
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(5.51).

Dg
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From this result, the evolution of the covariance between electron and photon

numbersisfound using (5.4):

S NN (Z) - eDgZ -1
eP¥? Dy
Dgz _ 1-
+28Tﬂ(eaa)(sgr3,m)(np (0)) (5.52).
&% -e™ - 2Dgz
mS

(Gaa)$&n,%(0)- (ny(0))Y

(Ggrst,em)(Ggrst,em)z Dn,

It is not difficult now to integrate (5.5), which allows us to write the total electron

number variance as:

Snf(L) () ()(())H

Gyl emb ) DN U
(L)&0no (0) +kep (5L Gyt P (5.53).
Sig-Sp(DgL) ()(Ggrst,eml-)< (0)>
sp(DgL)hZ(L)(Ggra,emL)ano
where the following noise coefficients have been defined:
Dol _ 1.
ke (DoL) = 2,5 L DOt (5.54).

(€™ - 1) (Dot
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e - opgLe™t -1
(- 1) (DoL)

Keg- o (DOL) =2 (5.55).

e?Pt - 4DgLeP + 4P - 5- 2DgL
(eDgL _ 1)2 (mL)Z

Kep- s (DYL) =2 (5.56).

In equations (5.54) and (5.56), the factor of 2 reflects the contributions from both
forward- and backward-propagating ASE. The first term in the RHS of (5.53)
represents the contribution from the noise associated to the input signal, while the
second is originated by shot noise due to the detection of the input signal and of the
ASE generated in the amplification region. The third term describes the contribution
to the current noise from gain fluctuations associated to the input signal, while the
fourth represents the fluctuations in the electron number due to random gain

experienced by the ASE generated in the device.

The noise coefficients Kg, Ksgsp and Kg.gp have been defined in an entirely
analogous way as in the case of TAP detectors with alternating gain and absorption,
and we will name them also spontaneous emission noise coefficient, signal-
spontaneous beat noise coefficient and spontaneous-spontaneous beat noise
coefficient respectively. Note that each one of these coefficients does not depend on
the net gain per unit length Dg and on the device length L independently, but only
through their product. Incidentaly, this value is aso the natura logarithm of the
amplification experienced by the input optical signal, from the beginning of the

device to its end. At the same time, the only other factor in the electron number
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variance that depends on the device length (apart from the efficiency) is the product
of the stimulated emission rate normalized to the optical intensity, the confinement
factor in the gain region and the device length. This value is actually the spectra
density of the photon number per unit time generated in the entire device and
traveling in one direction, when the net gain per unit length is identically zero.
Indeed, making the input photon number any(0)fiequal to zero, and taking the limit of
(5.48) when the net gain tends to zero, we find the total ASE photon number traveling
in one direction generated in the entire device when gain, absorption and loss exactly

cancel out to be given by the following equation:
(np(L))loo=0 = (Gyrgemk) DN (5.57).

In other words, the noise coefficients defined in (5.54)-(5.56) give us information
on how much noise is generated with respect to the amount of spontaneous emission

produced in a TAP detector with transverse coupling.

In the next paragraph, the noise coefficients defined above will be studied, paying

special attention to their intuitive interpretation.

Contributions to the noise figure

In the previous paragraph, the electron number variance generated in a TAP
detector with transverse coupling was found to be described through equation (5.53).

The noise figure associated purely to the process of distributed amplification and
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photodetection, i.e., the noise figure of the device without considering the effect of

the input coupling efficiency or apossible initial gain section, is then easily found:

é G L)Dn
NFTAP:_%'-'-kSp(mL)( grst,em ) o}

1
h (L) 3 <np (0)>

K- (DOL) (Gg rst,em'-) +kg. o (DoL)

(e my ey i

The signal has been assumed to follow Poisson statistics at z=0 in obtaining
equation (5.58). This assumption is a very good approximation in the absence of an
initial gain section. The noise coefficients defined in the previous section play thus a
major role in the description of the noise properties of TAP detectors with alternating

gain and absorption, and will be now studied.

Figure 5.8 shows the three noise coefficients as a function of the product between
the net gain per unit length Dg and the total device length L. As mentioned in the

previous paragraph, these coefficients do not depend on any variable other than this

product.
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Figure5.8: Spontaneous emission noise coefficient kg, (full line), signal-spontaneous beat
noise coefficient kgg.q (dashed line) and spontaneous-spontaneous beat noise coefficient
ks-o (dotted line) as a function of the product between the net gain per unit length Dg
and thetotal device length L.

When the net gain per unit length is very small, the shot noise term dominates
over the rest. This makes perfect sense intuitively, since in this case absorption
clearly dominates over gain, resulting in very little noise due to gain fluctuations.
The spontaneous emission coefficient ks, tends to 2 as the product DgL is negative
and grows in absolute value. This is an obvious consequence that the electron
number generated by absorption of ASE in the entire device is given by
2(Gyrsteml)Dno, a result entirely analogous to the ASE current found under these
operating conditions in chapter 2. The signal-spontaneous beat noise coefficient
asymptotically approaches 2/|DgL|, while the spontaneous-spontaneous beat noise

coefficient tends to behave like 4/|DgL| as the absolute value of the negative product
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DgL grows. When the absorption heavily dominates, we may assume that the internal
efficiency h(L) is close to 1, and that the stimulated emission rate normalized to the
optical intensity multiplied by the confinement factor in the gain region is much
smaller than the material absorption multiplied by the confinement factor in the
absorption region, the latter being in turn approximately equal to the absolute value of
the negative gain per unit length. This results in the signal-spontaneous and the
spontaneous-spontaneous beat noise terms being negligible with respect to the shot
noise due to the signal, and due to the ASE, respectively. Furthermore, because of
the low value presented by the stimulated emission rate normalized to the optical
intensity, the total noise figure will be dominated by the shot noise associated to the
signal, just like in traditional detectors, unless either the coupling efficiency or the
input power are very small. This is intuitively a direct consequence of the device
working very smilarly to a conventional traveling-wave detector, since the gain

provided by the amplification region is very small compared to the absorption.

When the product between the net gain and the device length is positive and much
larger than 1, the optical signal is amplified by a factor much larger than 1 over the
entire device, resulting in a behavior very similar to that of a traditional detector
preceded by an optical amplifier. Indeed, since the optical power grows very rapidly,
most of the photocurrent generation will happen only over the last fraction of the
entire device length, the rest of it providing effectively only amplification, and a very

small fraction of the total photocurrent. For this to be true, the net gain per unit
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length needs to be dominated by the amplifier gain, which leads to the following

approximation:

Gyl em = NGy 9 = Ny, Dg (5.59),
where ng, is, as aways, the population inversion coefficient for the amplification
region.

When the product DgL is much larger than 1, the spontaneous emission noise
coefficient and the signal-spontaneous beat noise coefficient tend both to 2/(DgL),
whereas the spontaneous-spontaneous beat noise coefficient approaches 2/(DglL)?,
leading to the following approximate expression for the noise figure:

2
2ng,"Dny,

(s (0)

The shot noise contributions have been neglected since they appear in (5.58)

divided by the internal efficiency of the device, which approaches asymptoticaly an
exponential behavior with DgL when the net gain per period is large. Obvioudly,
equation (5.60) is entirely analogous to the noise figure for a beat noise dominated
SOA, except for the factor of 2 multiplying the second term in the RHS, which is

introduced by the backward-propagating ASE.

When the gain and absorption are close to cancellation, the noise coefficients

admit the following approximations (found by linearization around DgL=0):

L
Kep (DgL)hDgL‘«l ~1- D% (5.61).
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2 (DgL)?

Keig-p (DgL)hDgL\«l =3 e (5.62).
1 DL
Kep. s (D@.)hmu<<1 =3 % (5.63).

The same reasoning applied to the interpretation of the noise coefficients in the
case of TAP detectors with alternating gain and absorption still holds here. In other
words, the signal grows faster than the ASE with increasing net gain per period in the
vicinity of cancellation between amplification and absorption, leading to a reduction
in the spontaneous emission and in the spontaneous-spontaneous beat noise
coefficients. However, when the net gain per unit length increases in absolute value,
while being smaller than the inverse of the device length, the result is effectively the
same as obtained for a device of shorter length, since a more and more important
fraction of the photocurrent will be produced either at the beginning of the device
(when absorption and loss dlightly dominate) or at its end (in the case of positive net
gain). This leads obviously to a maximum in the signal-spontaneous beat noise

coefficient when gain, absorption and loss exactly cancel out.

In summary, this paragraph has described, both intuitively and quantitatively, the
behavior of the coefficients appearing in the equation for the noise figure of TAP
detectors with alternating gain and absorption. In the next chapter, the total noise

figure, and its dependence on the device length and input power, will be studied.
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Noise figure

This paragraph will address the noise figure of TAP detectors with alternating
gain and absorption, paying especial attention to the trade-off that arises between
efficiency and noise figure. The dependence of the noise figure with respect to the

device length and the input optical power will also be discussed and quantified.

The optimum device behavior in all respects, including noise, will happen when
the optical loss is negligible, and the amplification region is close to full inversion.
The minimum noise figure will therefore achieved when the following condition is

met:
Gylsem =Gy0 =Dg+Ga (5.64).

When no initial amplification section is present, and taking into account the input
coupling efficiency h¢, the external noise figure of the device NFe¢: may be rewritten
as.

NF, =i+ksp(DgL)GaaL+DgL Dn,
heq hdee  (my),

G.al+DgL
+ksig-sp(DgL)ah—Dg

(5.65).
C
.2
aGal+DgLOo Dn
+k i mL a - 0]
» sp( )g h, g <np>in

When the net gain per unit length Dg is identically zero, it was shown in chapter 2

that the device internal efficiency was given by Gial, resulting for this casein:
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NPy =L+ L Do, 2hee , Lhe® D,
hoe he>(np)  3h° 3h* (ny)

n

(5.66).

When the input optical power and the external quantum efficiency are large we

find the following limit:

_ 2heg

NF,, =—— 5.67).
ext Shcz ( )

In other words, even with no coupling loss, the noise figure of TAP detectors with
transverse coupling can never be lower than 2/3 of the external quantum efficiency of
the device. This result quantifies the trade-off between noise figure and efficiency
that was advanced in chapter 4, when the noise model for distributed amplifier-

photodetectors was presented.

These equations require some comments. First of all, a comparison of (5.66) and
(5.46) shows that the factor 1- h' in the case of TAP detectors with alternating gain
and absorption has disappeared in the case of devices with transverse coupling.
Intuitively, this corresponds to the latter being physically the limit of the former when
each period becomes infinitely small, resulting in a negligible “efficiency of each
absorption section”. The factor 1- h® may be effectively substituted by 1. Next, it
may be noted that there is a factor of h¢' dividing the contribution from the
spontaneous-spontaneous beat noise. A factor of h¢? is originated by the effect of the
input coupling loss, since the spontaneous-spontaneous beat noise is independent on

the input optical power. Another factor of h¢” reflects the fact that this noise term is
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proportional to the internal efficiency squared, whereas the external noise figure has
been written as a function of the external quantum efficiency. Similarly, the factor of
h¢? dividing the signal-spontaneous beat noise contribution may be explained by a
factor of h. due to the effect of the input coupling loss, since this noise term is
proportional to the input signal, while the actual contribution to the noise figure from
the signal -spontaneous beat noise is proportional to the internal efficiency, producing
the second factor of h, when the noise figure is expressed as a function of the external

quantum efficiency.

Assuming that the optical bandwidth of the amplification region may be given the
same value as in the case of TAP detectors with alternating gain and absorption, we
may write the relation between input photon numbers and optical bandwidth as in
equation (5.45). Under this assumption, figure 5.9 shows the noise figure of TAP
detectors with alternating gain and absorption for different optical powers, when the
net gain per unit length is identically zero. As aways, the input coupling efficiency

will be assumed to be 50%.
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Figure 5.9: Noisefigurefor a TAP detector with transver se coupling as a function of the
external quantum efficiency he and for different input optical powers (full lines), when
the net gain per unit length is 0. The input coupling efficiency is assumed to be 50%.
The fundamental noise limit for the noise figure becomes then NF,;=8h/3, plotted as a
dash-dotted line.

When the externa efficiency is low, the noise figure is dominated by the shot
noise contribution. Otherwise, the noise associated to gain fluctuations dominates.
This results in a minimum for the noise figure, which happens for different values of
the external quantum efficiency depending on the input optical power. In fact, for
very high input optical powers (when the sum of the shot noise due to the signal and
the signal -spontaneous beat noise contributions dominate), this minimum happens for
the following value of the external quantum efficiency:

hoe =1e¥3
“ =
2

(5.68).
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As the input optical power decreases, the efficiency for which the minimum
occurs shifts to lower values, due to the effect of the spontaneous-spontaneous beat

noise term.

It is aso interesting to study how the noise figure evolves as the net gain per
period changes. For that purpose, let us assume that the material absorption and the
confinement factor in the detection region are respectively 10%cm * and 5%. When
the amplifier reaches transparency, the net gain per unit length in the absence of

optical loss is Dg=- 500cm ™.
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Figure5.10: Noise figurefor TAP detectorswith transverse coupling as a function of the
net gain per unit length Dg, for different input optical powersand for device lengths L of
100mm (full lines) and 500nm (dashed lines). The confinement factor in the absor ption

region is assumed to be 5%, and the material absorption 10*°cm . The input coupling
efficiency isassumed to be 50%.

Figure 5.10 shows the noise figure as a function of the net gain per period, for

values larger than this one. The plots show the evolution of the noise figure for
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different optical powers, and for devices 100mm (solid lines) and 500mm long (dashed
lines). The most relevant aspects of this figure will now be discussed. First, we may
notice that, given the same optical power, the noise figure for both device lengths is
very similar when the net gain is large in absolute value. When loss dominates, the
value reached corresponds to the shot noise due to the photocurrent and to the ASE
current, the latter dominating for small input powers. The noise figure is limited to
values larger than 3dB by the input coupling loss of 50%, increasing as the input
power drops because of the ASE current contribution to the shot noise. As the net
gain per unit length increases, more randomness due to gan fluctuations is
introduced, raising the value of the noise figure. When gain dominates, the total
noise figure is similar to that of a photodetector preceded by an optical amplifier. The
noise figure is then limited to values larger than 6dB, the input coupling loss
producing 3dB and the amplifier another 3dB. The value increases as the input power
decreases, due to an increasing relative importance of the fluctuations in the gain

affecting the ASE.

Next, we may see that, in perfect agreement with figure 5.9, the noise figure for
the same input power becomes larger as the total device length increases. This
produces, in fact, a sharp maximum in the noise figure for long devices when the net
gain per unit length is close to zero. The main source of noise under these operating
conditions is the fluctuations in the gain affecting the signal and the ASE. As shown
in figure 5.10, the signal-spontaneous beat noise coefficient has a maximum when the

net gain per unit length is identically zero, and the spontaneous-spontaneous beat
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noise when the product of the net gain per unit length and the total device length is
close to - 2. The combination of both produces the aforementioned feature when the
device is long (as in the case when L=500mm). For short devices, the noise produced
by the distributed combination of absorption and noise is not so large, and the noise

figure evolves without much variation as the net gain per unit length changes.

Finaly, in the case of TAP detectors with aternating gain and absorption, the
efficiency of each individual detection region had a very important effect on the total
noise figure, and was shown to be a critical parameter in the device design in terms of
producing a desired noise figure and efficiency simultaneously. In TAP detectors
with transverse coupling, this issue is bypassed thanks to the simultaneous action of
amplification and absorption. However, a new concern in the device design appears,
due to the effect of the population inversion in the amplification region. Figure 5.10
shows the noise figure considering that the gain region is fully inverted. If the
amplification region is not close to inversion, equation (5.64) is no longer true. The

correct expression in this case would be
Ggrst.em = Gg9+ Gylg ap = DY + G2 + Gylg ap (5.69).

Therefore, the noise figure will increase as the stimulated absorption in the
amplifier increases. Consequently, we have interest in making sure that the amplifier
is close to inversion at the operating point that the device is designed for, most likely
for very small values for the net gain per unit length. This may be ensured by an

appropriate choice of the confinement factors in the amplification and absorption
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regions, achieved in its turn through careful design of the device properties in terms
of optical guiding. Although the effect of inversion in the gain sections was omitted
in the case of TAP detectors with aternating gain and absorption, this factor still
exists there. However, the effect of the efficiency of each individual detection region
in the total noise figure may be assumed to take precedence, its importance being

proved by figure 5.6.

In summary, this paragraph has discussed intuitively and given quantitative values
to the noise figure for TAP detectors with transverse coupling. A trade-off appears
between the device efficiency and the noise figure, and it has been discussed and
quantified. The distributed combination of gain and absorption has been shown to
produce an increase in the noise figure as the device length grows when the net gain
per unit length is relatively small in absolute value, whereas the limiting cases of very
large net gain, positive or negative, have been shown to be very close to the cases of
passive photodetectors, with and without a preceding optical amplifier, respectively.
The importance of the ratio between the gain and absorption confinement factors in
the device design has been mentioned, arguing that these parameters should be
chosen so that the cancellation between gain, absorption and loss happens when the

amplification region is close to inversion.

This section has discussed the noise produced in TAP detectors with transverse
coupling. The different contributions to the total noise have been analyzed, both
through an intuitive description and through numerical values. A trade-off existing

between efficiency and noise figure has been presented and quantified. Finaly,
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conclusions have also been drawn in terms of an optimum device design for low noise

operation.

Summary

The noise characteristics of TAP detectors have been presented and discussed in

this chapter.

The foreseen trade-off between efficiency and noise figure, announced since
chapter 2, has been explored and quantified. The different contributions to the noise

figure, as well asthe main factors affecting its value, have been studied.

The noise figure has been shown to increase with the number of periodsin TAP
detectors with alternating gain and absorption, and with the device length in TAP

detectors with transverse coupling.

The efficiency of each individual absorption region is shown to play a magjor role
in the noise figure of TAP detectors with alternating gain and absorption. The ratio
between the gain and absorption confinement factors in TAP detectors with
transverse coupling may also have a large impact in the noise figure, by determining
whether the device operating point corresponds to the gain region being close to or far
from inversion. The effect of these two parameters in the noise properties of TAP
detectors results in careful design being needed in order to obtain ssmultaneously a

high efficiency and alow noise figure.
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CHAPTER 6

Fabrication of GaAs-based TAP detectors with
vertical coupling

In this chapter, the process developed to fabricate vertically-coupled GaAs-based
TAP detectors is presented. First, the epitaxial structure designed and grown to
demonstrate the first TAP detectors in GaAs will be described, followed by the
optimized structure that produced external quantum efficiency in excess of 200%.
The different modifications included will be discussed, mainly from the point of view
of their role in improving the device performance. Next, the different fabrication
steps used to produce TAP detectors from the proposed structures will be described.
Special emphasis will be given to the problems encountered and the solutions
adopted, as well as to the on-chip test patterns that were introduced to guarantee the
integrity of the devices along the fabrication process. InP-based TAP detectors were
fabricated by Dr. Donato Pasquariello, and the fabrication process will thus not be

addressed in this dissertation. Details on the epitaxial structure used may be found in

[1].
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Epitaxial structuresfor TAP detectors with vertical coupling

In this section, the two epitaxial structures designed to demonstrate the properties
of TAP detectors will be described. The first generation of devices fabricated out of
the origina structure provided proof of principle of the distributed combination of
amplification and absorption. Next, an optimized structure that yielded an external
guantum efficiency in excess of 200% will be presented, paying specia attention to

the different modifications adopted to improve the device performance.

First generation

The epitaxial structure designed for the first generation of GaAs-based TAP
detectorsis detailed in table 6.1. The genera characteristics of this structure, and the

reasons for their choice, will now be discussed.

Light absorption occurs in the topmost GaAs bulk region. The main reason for
using bulk is the easier carrier extraction, since carriers, especially holes, tend to get
trapped in quantum wells (QWSs). The top contact is evaporated directly on top of this
bulk GaAs layer, providing a Schottky junction. As it will be shown through
experimental results in the next chapter, and as indicated in figure 6.1 further down
this section, the built-in field for this junction proves to be high enough for efficient

carrier extraction, thus allowing a zero-volt operation of the absorption diode.

A highly n-doped layer benesath this absorption region allows for a low-resistance

ohmic contact. This low contact resistance is necessary to avoid heating, since not
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current is also injected through this contact.

Layer name Thickness Composition | Doping (cm )
Absorption 300nm GaAs undoped
Contact (n) 100nm Alp15GapgsAs | 5107 (n)
Cladding (n) 300nm Alg,GagsAs 110" (n)
Parabolic grade 16.5nm graded 110" (n)
Oxidation layers 6nm AlgoGag1As 110" (n)
Oxidation layers 32nm AlpeeGanoAs | 1107 (n)
Oxidation layers 6nm AlooGay1As 110" (n)
Parabolic grade 18.2nm graded 110" (n)

SCH (n) 90nm Alp15GaggsAs | 1107 (n)
SCH 10nm Alp15GapgsAs | undoped

QW (x4) 8nm GaAs undoped
Barrier (x3) 8nm Alp15GapgsAs | undoped

SCH 60nm Alp15GapgsAs | undoped

SCH (p) 20nm Alo2GansAs 510" (p)
Parabolic grade 18.2nm graded 110" (p)
Oxidation layers 6nm AlgoGag1As 310" (p)
Oxidation layers 32nm AlpgeGapoAs | 310" (p)
Oxidation layers 6nm AlgoGag1As 310" (p)
Parabolic grade 16.5nm graded 210° (p)
Cladding (p) 200nm Alg,GagsAs 510" (p)
Contact (p) 300nm Alg,GagsAs 210" (p)
Cladding (p) 100nm Alg,GagsAs 510" (p)
Sublayer 3um AlpsGagsASs semi-insulating
Substrate ~150pum GaAs semi-insulating

only the absorption diode current is extracted through it, but the gain diode bias

Table 6.1: Epitaxial structure used for the fabrication of the first generation of GaAs-

based TAP detectors.
corresponding to the growth substrate.

The layers are ordered from top to bottom, the lowermost
Thickness, composition and doping are

indicated for each layer. All composition-graded layers present a parabolic composition
profile. Thefour quantum wells (QW) and thethree barriersalternate.

The n-doped cladding layer provides a path for lateral conduction of the current

from the common ground contact to either the gain or the absorption diode. It is

therefore important that this layer presents good conductivity. This is one of the
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reasons to choose this middle cladding to be n-doped. Another reason is the lower
effect of the parasitic transistor when the middle cladding is n-doped. Thisis due to
the lower diffusion length of holes with respect to electrons, as discussed in chapter 2.
Finally, free-carrier absorption, a source of optical loss, is higher in heavily p-doped
GaAs than in highly n-doped GaAs (see for example [2]). Thus, and given the lower
mobility of holes, achieving the same resistance for this layer would result in much
higher optical loss, the source of which is located between gain and detection layers.
This optical loss would affect intensely al the optical modes overlapping with both
regions. Reciprocally, a p-doped middle cladding featuring the same free-carrier
absorption would result in added resistance to both the amplification and detection

diode currents, resulting in added Joule heating.

It has been recently shown that AlpgsGano2AS presents several advantages over
AlAs for the purposes of selective wet oxidation, such as a higher resilience to
thermal cycling, higher mechanical resistance and lower anisotropy [3]. Furthermore,
the addition of Al g2GagosAs on both sides of a AlpgsGan.02AS has been demonstrated
to produce tapering of the oxidation front, resulting in improved mechanical
properties due to lower stress, as well as a more isotropic oxidation front. Based on
these advantages, the oxidation layers for TAP detectors were chosen to present an
intermediate AlogsGapo2AS region, sandwiched between AlpoGap1As layers. These
oxidation layers were doped, using the same species as the adjacent cladding (n-type

for the oxidation layers close to the middle cladding, p-type for those near the bottom
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cladding). This provides two maor advantages, which become apparent after

considering the zero-bias band-diagram for the device structure, shown in figure 6.1.
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Figure 6.1: Zero-bias band-diagram for the epitaxial structure detailed in table6.1. The
zero-depth point corresponds to the top of the epitaxial structure (top of the GaAs
absorption region). Note especially that the doping of the high aluminum-content
oxidation layersresultsin easy injection of majority carriers (electronsasfull dots, holes
as empty dots) into the gain diode, while reducing the leakage of minority carriersout of
it by the introduction of a potential barrier of ~0.4eV. Note also the built-in field
generated by the metal-semiconductor Schottky junction in the absor ption diode, which
allowsfor efficient carrier extraction even in the absence of an applied bias voltage.

From one side, the doping of the oxidation layers results in the absence of a
barrier to majority carrier injection when the amplification diode is forward-biased,
despite the larger bandgap of higher auminum-content material. This bandgap
difference is therefore experienced nearly in its entirety by the minority carriers
(electrons in the bottom cladding and holes in the middle cladding). There are two

positive consequences to the presence of this barrier, since it presents an obstacle to
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the leakage of carriers out of the amplification diode active region. An identica
carrier concentration, and consequently the same value for the material gain, may be
achieved with alower amplifier bias current, thus reducing the effect of Joule heating.
Furthermore, the leakage of holes injected into the gain diode towards the middle
cladding is reduced, resulting in a smaller effect of the parasitic transistor, as

described in chapter 2.

Note therefore the multiple advantages of the inclusion of oxidation layers in the
device structure. From one side, lateral electrical and optical confinement is achieved
through selective oxidation. The optical confinement is due both to the lower
refractive index of the oxide with respect to the semiconductor, and to gain-guiding
(see for example [4], p. 19), as an added advantage caused by the lateral current
confinement. Furthermore, doped layers with high aluminum content produce,
without being oxidized, an energy barrier for minority carriers to leave the active
region, which results in an improvement in the current-gain relations, as well as a
reduction in the effect of the parasitic transistor that appears in TAP detectors with

vertical coupling.

A separate confinement heterostructure (SCH) provides simultaneously
confinement for the electrical carriers and waveguiding for the optical mode (see for
example [4], pp. 6-9). Note that part of the SCH is doped for lower resistivity, thus
providing better carrier injection. The doping offset with respect to the QWs is larger
on the p-doped side, to reduce the effect of the aforementioned free-carrier

absorption.
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A trade-off appears in the design of the bottom cladding. On one hand, the
doping should be as high as possible, in order to reduce both the contact resistance
and the material resistivity, since the amplifier bias current will travel both laterally

from the bottom contact, and vertically through these layers, as shown in figure 6.2.

gbsorptiop
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Figure 6.2: Paths followed by the currents traveling through the gain (full arrow) and
absor ption (dashed arrow) diodesin a TAP detector with vertical coupling. Dueto the
presence of the oxide (black) layersfor electrical and optical confinement, both currents
must travel laterally through the bottom and middle claddings, covering distances of 5
10mm and 2-5mm, respectively. In order to provide a low resistance while reducing the
effect of free-carrier absorption, the acceptor density N, in the bottom p-cladding
increases with depth, as indicated in the detail on the right side of the figure. Active
regions are shown in grey, and patterned areasindicate metal.

Note that, because of the placement of the bottom contact relatively far away (~5-
10mm) from the gain region in the lateral direction, a low resistivity of the bottom
cladding is a necessary requirement. From this point of view, it is desirable not only
that these layers present a high acceptor concentration, but that this concentration is
as high as possible close to the amplifier active region. On the other hand, a high
concentration of acceptor atoms increases the aforementioned free-carrier absorption,
and must be removed as far as possible from the path of the optical mode, and

conseguently from the gain diode active region and the SCH.
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The design chosen presents a relatively lower p-dopant concentration immediately
adjacent to the oxidation layers separating the bottom cladding and the SCH, in order
to avoid important free-carrier absorption. Another 200nm thick layer, located below
this one, presents the same composition but higher doping. The bottom ohmic
contact will be deposited over this layer. Finally, below this layer and far already in
the vertical direction (~0.7mm) from the QWs, a layer with even higher (5 10'%cm )

acceptor concentration reduces the resistance of the lateral conduction path.

A semi-insulating AlosGapsAs sublayer is grown first on top of the substrate,
prior to the growth of any active or current-carrying layer of the device, providing a
buffer to allow for surface defects from the substrate wafer to relax, thus minimizing
the defect density in the actual device. Both the sublayer and the substrate are semi-
insulating to reduce the microwave loss generated in the skin-effect propagation

regime discussed in chapter 3.

In summary, the epitaxial structure grown for the fabrication of the first
generation of GaAs-based TAP detectors with vertical coupling has been discussed in
detail. The choices for the parameters of the different layers have been argued, from
the point of view of obtaining a better overal device performance. In particular, the
current flow has been shown to be a big concern in the design of this first generation,
from the point of view of Joule heating and of current confinement. Selective
oxidation in particular is argued to be a very useful tool, since the oxide produces
both optical and electrical confinement, while layers with high aluminum content

produce, even without being oxidized, a barrier that reduces minority carrier leakage
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out of the gain active region. A trade-off is described between optical loss induced
through free-carrier absorption and resistance to the amplifier bias current. The effect
of this trade-off is reduced through a design incorporating acceptor concentration
increasing with depth away from the active region. The goal of this design is to
provide low resistance to lateral conduction, while minimizing the effect of free-

carrier absorption in the guided optical signal.

The effect of the epitaxial structure on the optical guiding, and more specifically
on the vertical mode distribution, has not been addressed as of yet. Thisissue will be
discussed in detail in the next paragraph, since it was the main reason behind the
changes in the epitaxial structure from the first to the second generation of GaAs-

based TAP detectors.

Second generation

In the previous paragraph, a detailed description is given of the epitaxial structure
out of which the first generation of TAP detectors was fabricated. Experimental
results obtained from them resulted in the first demonstration of distributed
amplification and photodetection. These experimental results will be shown in the
next chapter. Although this represents in itself an important success, the theory
developed for TAP detectors, presented in previous chapters of this dissertation,
promised higher external quantum efficiencies than those achieved by this first

generation. A second generation was then designed and fabricated. In this paragraph,
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the epitaxial structure designed for this second generation will be presented,

motivating and paying special attention to the changes with respect to the first one.

The main concern in the design of the first generation of TAP detectors was the
creation of a structure were lateral current confinement would produce an effective
amplification region extending laterally over the same range as the absorption region,
while at the same time presenting low resistance to the flow of current (especially for
the current injected into the gain diode), low optical loss due to free-carrier
absorption, and low leakage of minority carriers out of the gain diode in order to
minimize the effect of the parasitic transistor. Optical simulations of this structure
were performed with BeamPROP, a commercial software based on the beam
propagation method [5]. The main motivation behind these simulations was an
optimization of the thickness of the SCH, middle cladding and absorption region. It
was believed at the time when these simulations were performed that these were the
main parameters affecting the vertical distribution of the optical power, and
consequently these parameters alone would determine the confinement factors of the
optical modes in the gain and absorption regions. It was however found that the
AlosGapsAs sublayer plays a major role in this optical power distribution, as shown
in figure 6.3. In fact, the presence of this sublayer of lower index of refraction is
enough to support an optical mode that overlaps mostly with the bottom cladding,
partially with the amplifier and only marginally with the detection region. This
mode, or any other mode presenting similar characteristics, will be hereafter referred

to as“cladding mode’. Two other main modes exist, one overlapping mostly with the
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gain region, and partially with the detector region (referred to as “amplifier mode”),
and one that overlaps mostly with the absorption region, presenting a very small
confinement factor with the amplification region (“detector mode’). These modes
were found independently using BeamPROP and a Helmholtz equation solver,
contained in the semiconductor optoelectronic device ssimulator APSYS [6]. The
cladding mode, however, disappears in both cases when the simulated structure does

not include the AlosGaysAS sublayer.
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Figure 6.3: Schematic representation of the modes supported by TAP detectors with
vertical coupling fabricated using the epitaxial layer structure detailed in table6.1. The
plot showsthe laterally integrated optical intensity, asa function of depth. z=0 indicates
the top of the absorption region. Only the three main modes are represented. The
“cladding mode” (dotted line) overlaps partially with the amplification region, only
mar ginally with the absor ption region. The “amplifier mode” (full line) overlaps mostly
with the amplification region, and partially with the detection region. Finally, most of
the optical power contained in the “detector mode” (dashed line) travels along the
detection region, and only a small part of it overlapswith the gain region. Thegray line
shows the material index of refraction as a function of position.
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The optimum coupling efficiency (defined as the situation where maximum power
is transferred to the three modes ssimultaneously) from a fiber mode produces the
following input coupling coefficients: 42.3% into the cladding mode, 16.5% into the
amplifier mode, 23.1% into the detector mode. These values assume the absence of
reflection at the input facet. Note that most of the input power gets coupled either
into the detector mode, where absorption heavily dominates, or into the cladding
mode, which produces only a small amount of photocurrent because of its poor
overlap with the absorption region. The presence of the cladding mode is therefore
an important obstacle to achieve optimum TAP detector performance. Not only it
“steals’ power from the other two modes, especially from the amplifier mode, but it
experiences large net gain per unit length, thus contributing to saturation, without
producing a considerable amount of photocurrent in exchange. The design of the
second generation of GaAs-based TAP detectors was consequently directed to the
suppression of this mode, while maintaining the electrical characteristics obtained in
the first generation. This was achieved by assuming the composition of the sublayer
and of the bottom cladding to be identical. This way, the optical confinement due to

the index difference between these two layers disappears.

BeamPROP simulations showed that the minimum index of refraction necessary
to eliminate the cladding mode while providing enough waveguiding to sustain an
amplifier mode corresponded to a dlightly lower than 25% aluminum composition,
although a priori better results could be achieved with higher aluminum content.

However, a high aluminum content is not a practical solution, since the electrical
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carrier mobility in AlyGa-xAs greatly decreases for intermediate values of the
aluminum fractional composition x (0.3<x<0.8) [7]. At the same time, a high
aluminum content would make the exposed bottom cladding materia more
susceptible to changes during the wet oxidation than a low aluminum content. Thus,
the composition of the bottom cladding and of the sublayer was chosen to be
Alp2sGap7sAs. Simultaneoudly, the thickness of the SCH was increased, to
compensate for the loss of the additional confinement to the amplifier mode provided

by the AlpsGagsAs sublayer.

The target of the simulations was obtaining confinement factors in the gain and
absorption regions of 15-20% and 4-5%, respectively. This double target was
achieved after reducing the absorption region thickness to 200nm, while increasing
the number of QWs to seven, and increasing the thickness of the middle cladding to
600nm. The optimized epilayer structure, including the aforementioned changes, is
shown in detail in table 6.2. With this epitaxia layer structure, the guided cladding
mode disappears. The confinement factors in the gain and absorption regions for the
amplifier mode become 16% and 3.7%, respectively, while the input coupling
coefficient for this mode is 46%. The coupling efficiency into the detector mode is
18%. Both coupling coefficients assume the absence of areflection at the input facet.
The gain confinement factor for the detector mode is small enough that the effect of

the amplification region in this mode can be neglected.
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Layer name Thickness Composition | Doping (cm ®)
Absorption 200nm GaAs undoped
Contact (n) 100nm Alp15GaggsAs | 5107 (n)
Cladding (n) 600nm Alg,GagsAs 110" (n)
Parabolic grade 16.5nm graded 110" (n)
Oxidation layers 6nm AlooGay1As 110" (n)
Oxidation layers 32nm AlpeeGaooAs | 1107 (n)
Oxidation layers 6nm AlogGap1AS 110" (n)
Parabolic grade 18.2nm graded 110" (n)

SCH (n) 140nm Alg15GangsAs | 110%™ (n)
SCH 10nm Alp15GapgsASs | undoped

QW (x7) 8nm GaAs undoped
Barrier (x6) 8nm Alp15GapgsASs | undoped

SCH 60nm Alp15GapgsAs | undoped

SCH (p) 90nm Alo1sGangsAs | 510" (p)
Parabolic grade 18.2nm graded 110" (p)
Oxidation layers 6nm AlgoGag1As 310" (p)
Oxidation layers 32nm AlpeeGaooAs | 310" (p)
Oxidation layers 6nm AlgoGap1As 310" (p)
Parabolic grade 16.5nm graded 2107 (p)
Cladding (p) 300nm Alp2sGagsAs | 510 (p)
Contact (p) 200nm Alo2sGag7sAs | 5107 (p)
Cladding (p) 200nm Alg2sGaorsAs | 210™ (p)
Sublayer 3um Alp2sGap75AS | semi-insulating
Substrate ~150pum GaAs semi-insulating

Table 6.2: Epitaxial structure used for the fabrication of the second (optimized)
generation of GaAs-based TAP detectors. The layers are ordered from top to bottom,
the lowermost corresponding to the growth substrate. Thickness, composition and
doping are indicated for each layer. All composition-graded layers present a parabolic
composition profile. The seven quantum wells (QW) and the six barriers alter nate.

One additional change was the inversion of the two bottom cladding layers with
higher acceptor concentration, in order to improve the contact resistance, which was
bound to be negatively affected by the increase in the aluminum content of the bottom

cladding alloy.

304



In summary, two different epitaxial structures have been described in detail and
discussed in this section. The first one produced the first reported demonstration of
distributed amplification and photodetection, while the second one was designed
specifically to improve the performance observed in the first generation. The second
structure was designed after careful simulations, whose main goal was the
optimization of the optical guiding properties of the device without affecting

negatively the current transport properties observed in the first generation.

In the next section, the fabrication process itself will be described, paying special
attention to some of the difficulties encountered and the solutions developed to

overcome them.

Fabrication process

In this section, the process developed in order to fabricate GaAs-based TAP
detectors with vertical coupling will be described. First, this process will be outlined,
providing a brief description of the different steps involved. Next, some of the
critica steps, the difficulties that they presented, and their optimization, will be
discussed. Finally, the on-chip test patterns included to guarantee the integrity of the
devices during the fabrication process will be described. These test patterns were
extremely important in determining which steps were critical, and in identifying

possible failure mechanisms.
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Outline of the fabrication process

This paragraph will describe the process developed to fabricate TAP detectors
with vertical coupling in the GaAs material system, starting with the epitaxia
structures described in the previous section. The different steps involved will be

briefly discussed.

First, the top metal contact for the detection diode is deposited over the GaAs
absorption region. A Ti/Au metal scheme may be used, but Ti/Pt/Au usualy results
in lower dark current, due to the added barrier to gold diffuson into the
semiconductor introduced by the platinum. The first generation of TAP detectors
featured the former, whereas the second generation was fabricated using the latter.
No significant difference was though appreciated in the dark current of the absorption
diode. The metal is patterned via lift-off. Prior to the metal deposition, and in both
cases, a surface cleaning dip in an H,SO4:H»0,:H,0 (1:1:40) solution is performed.
Together with a previous O, plasma descum, this ensures the top surface being clean
of impurities. This precaution is necessary to produce a detection diode with
rectifying characteristics, since impurities create surface states that tend to pin the

Fermi level, resulting in large dark currents.

The top contact described above is used as a mask for a wet etch that defines the
detection region. A HCI:H»0,:H,0 (1:4:40) solution is used for this chemical attack.
The etch rate (~300nm/min.) is very repeatable. The chemical attack is stopped 10
seconds before the GaAs/Alo 15GanssAS interface would be reached under normal etch

rate. The fina etch depth is measured by Dektak, and etching continues at 5 second
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intervals until the contact layer is reached. This precaution is necessary since this
solution attacks Alp15GapgsAs at a faster rate (~500nm/min.), and a reduction in the
thickness of the contact layer would result in larger resistance to lateral current

conduction.

The ground contact, i.e., the common contact for amplifier and detector diodes, is
required to present low dark current. Typically, good ohmic contacts to n-type
AlGa;- xAs are obtained by depositing Ni/AuGe/Ni/Au, then annealing at 420-440°C.
In test samples, optimum contact resistances in the low 10 ®Wem? were obtained for
an anneal temperature of 430°C. However, this temperature was suspected to create
gold spikes through the middle cladding, reaching even into the amplifier active
region, resulting in catastrophic failure of the gain diode. For this reason, during TAP
detector fabrication, the n-contact anneal was performed at a temperature of 420°C,
resulting consistently in characteristic contact resistances of 4-5 10 °Wem?  The
metal is patterned via lift-off, its deposition being preceded by descum and chemical

cleaning asin the case of the top contact for the detector diode.

After the ground contact is evaporated and annealed, the sample is covered with
SiNy via chemical vapor deposition. The SiNy is patterned via reactive ion etching
(RIE), using a CF4:0, gas mixture. This dielectric is then used as a mask for a Cl;
RIE attack that defines the amplifier diode and the optical waveguide. This step is
monitored via normal-incidence interferometry, producing a very distinctive,
repeatable pattern when different samples from the same wafer are etched.

Monitoring the etch stop is a necessary precaution. Stopping the etch too early would
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result in the bottom contact being deposited over a low-doped Alg2sGag7sAS or
Alp15GapgsASs layer, producing a high contact resistance, whereas stopping too late
could result in athinner doped channel for the lateral conduction of the amplifier bias
current injected from the bottom contact. The surface damage produced by this RIE
Cl, attack is reduced via a short dip in an NH,OH:H,0,:H,0 (1:1:40) solution. The
sample with the SINy mask deposited and patterned, prior to the Cl, RIE attack is

shown in figure 6.4.

Figure 6.4: Optical microscope picture (left) and detail (right) taken during TAP
detector fabrication, prior to the Cl, RIE chemical attack performed to define the
amplifier ridge. The picture shows the SIN, (darker area) deposited via PECVD and
patterned via CF,/O, RIE that serves as a mask for the Cl,-based etch. Note that the
gap between ground and detector contactsis covered by the SiN, mask.

Next, the amplifier contact is deposited on the p-type AliGai-xAs bottom
cladding, where x=0.15 for the original design, and x=0.25 for the optimized design.
Ohmic contacts to p-type GaAs are usually feasible using Ti/Pt/Au. However, this
same metal scheme does not provide good ohmic contacts in the presence of Al-

containing contact layers, resulting in all test samples exhibiting a residual rectifying

308



behavior. Better results were typically obtained using Zn, introduced via the
evaporation of either Cr/AuZn/Cr/Au or Pd/Zn/Pd/Au. In test samples, the former
produced contact resistances in the mid 10 ®Wem? after annealing at 410°C. The
latter produced, as evaporated, ohmic contacts with similar contact resistance; a
380°C annea further reduced this contact resistance to 1-2 10°°Wem?. During the
fabrication of TAP detectors, Pd/Zn/Pd/Au was thermally evaporated, and patterned
via lift-off. Immediately after this deposition, and before lift-off, SIO; is evaporated
on the sample. This creates an insulating layer on top of the bottom metal, preventing
possible short circuits between it and the ground plane of the coplanar waveguide

(CPW).

After lift-off, the sample is oxidized at 400°C for 45 minutes in a wet enviroment,
by feeding the furnace with 10l/min of N, that previously passes through a bubbler
where water is heated at 90°C. This produces an oxide depth of 4nm. Since the
ground contact is 2mm wide and there are 2nm of spacing between this contact and
the absorption region, this procedures results in the aperture in the amplification
diode being aligned vertically to the detection region. Prior to the oxidation, and in
order to remove any native oxide, the sample is dipped in undiluted NH,OH for
~b5sec, being kept in isopropanol from that moment until being blown dry with a N>
gun and inserted into the oxidation furnace. The oxidation is performed after the
bottom contact deposition to prevent any change in the bottom cladding that may
degrade the characteristics of the bottom ohmic contact to the amplification diode.

Figure 6.5 shows a cross-section of a finished and cleaved device, where the oxide

309



depth may be appreciated to confine the current injection into the amplifier to a

region with about the same width, and directly below, the detection diode.

oxidation layers

= '_:. |-.j' J

Figure 6.5: SEM micrograph of theinput facet of a finished TAP detector. Notethat the
oxide depth is calibrated to confine the current flow into the amplifier to aregion of the
same with as, and directly below, the top absorption diode; the thicker region in the
dark, horizontal line actually indicates the oxidized Aly¢Gag;As. The quantum well-
based amplification active region is confined, as shown, between the two oxide layers.
The different metal contacts are also indicated (A for amplifier, G for ground, D for
detector), aswell asthe PM Gl for planarization and the CPW ground plane.

At this time, the TAP detectors themselves are finished. All the rest of the steps

are used to provide the interconnections necessary to test the devices.

After the oxidation, a new lithography is used to selectively remove the SIO, from
the areas where the contact pad used to inject current into the amplifier will come in
touch with the bottom contact metal. Subsequently, and using the same photoresist
for lift-off, athick layer of gold is deposited to make the bottom contact available for

interconnection after planarization.
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The first step in the planarization consists on spinning polymethylglutarimide
(PMGI) on the sample, baking it at 240°C for 20min and patterning it via deep-UV
exposure and development, using AZ4330 photoresist as the mask. The PMGI
chosen was MicroChem SF-15. Two layers were spun at 5Krpm, resulting in a
thickness of ~5mm. After the PMGI is spun and baked, the photoresist is spun and
patterned using traditiona lithography. Later, deep-UV exposure hardens the
photoresist, while making soluble in SAL-101 developer the PMGI not covered by it.
After the PMGI has been selectively developed, the photoresist is removed by
spraying the sample with acetone. Subsequently, the PMGI is etched back to expose
the top of the detector, ground and amplifier contacts (the later through the metal
pillar deposited after oxidation). Finally, the PMGI is caused to reflow by heating the
sample at 240°C for 10min. This provides smooth height transitions so that the final
CPW metal deposition is continuous even at locations where the sample height varies.
Prior to the spinning of the first layer of PMGI, a surface oxide clean is perfomed to
improve the dark current characteristics of the detection diode. This oxide clean
consists on a 10sec dip in a H2SO04:H202:H,0 (1:1:40) solution. The sampleiskeptin
isopropanol after this clean and until blown dry right before the spinning of the first

layer of PMGI.

After a final lithography, the CPW and the pad allowing access to the bottom
contact of the amplifier are evaporated. A thin layer of Ti is deposited first for
adhesion, followed by a thick (~2mm) layer of gold. The fabrication process as

described above is schematically represented in figure 6.6.
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Figure 6.6: Schematic representation of the different stepsinvolved in the fabrication of
TAP detectors. The following steps are represented: top left: deposition of Schottky
contact to the absor ption region and wet etch to define the absor ption diode width. Top
right: ground contact deposition and Cl,-based RIE attack defining the amplifier ridge -
the figure shows the SiN, mask protecting the region in between detector and ground
contacts during this attack. Middle: Bottom contact deposition and lateral oxidation.
The figure shows the SiO, layer deposited to prevent short-circuits caused by PMGI
punch-through. Bottom: Protective SiO, layer etch, followed by pillar deposition for
interconnection, PM Gl planarization and passivation, and CPW depositon.
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At this point, the current-voltage (I-V) characteristics of the fabricated TAP
detectors are measured. Next, the devices need now to be made ready for testing. As
shown in figure 6.7, the last metal evaporation (CPW and amplifier contact pad) is
also used to deposit marks allowing precise cleaving of the devices to produce, due to
their strategic placement, TAP detectors of different lengths in the same sample and
with one single cleave. Prior to cleaving, the sample is thinned. After cleaving, the
devices are ready to be tested. Preliminary optical characterization is interesting at
this point in order to ascertain the wavelength for which the optical gain inside the
device is highest. Next, SiOx deposition on the facet provides an anti-reflection
coating (AR-coating) at the desired wavelength, which makes the devices ready for
complete characterization of their properties. The refractive index of SiOy depends
on the ratio of silicon to oxygen, which in turn is a function of the evaporation rate.
A 1220A-thick layer, evaporated at arate of 8-9A/sec, was estimated after calibration

to produce residual reflections under 1% at a wavelength of 855nm.

After summarizing the fabrication process, some of the critica steps will be

discussed in more detail.
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- detector

Figure 6.7: Optical microscope picture of fabricated TAP detectors prior to cleaving
(top) and detail (bottom). A symmetric placement allows the creation of two sets of
devices at both sides of the cleave line. The staggering between them produces different
lengths in the same sample with one single cleave. Note how the contact pad and CPW
lie mostly on the semi-insulating substrate instead of PMGI. Thissignificantly increases
the device robustness in order to sustain the cleaving and characterization process, as
well as reducing the microwave loss due to propagation in the CPW. Note also the
cleave marks deposited simultaneously to the CPW.
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Temperature budget

Prior to the first successfully fabricated generation of TAP detectors with vertical
coupling, one of the early attempts exhibited no optical gain in the amplification
region, while the turn-on voltage of the gain diode was ~0.5V, much lower than the
expected value, which should be similar to the GaAs bandgap divided by the charge
of an electron (1.424V). This was believed to be caused by gold spiking from the

ground contact and into the active region, as shown in figure 6.8.
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Figure 6.8: Schematic representation of the formation of gold spikes from the ground
contact and into the gain region (left). This was believed to be the cause of failure in
early attempts to fabricate TAP detectors with vertical coupling. The device failure
showed itself through the nearly absence of optical emission, and a much lower turn-on
voltage of the gain diode than expected given the bandgap of GaAs. Right: theforward

I-V characteristics of gain diodesin early attempts (full line) and successfully fabricated
devices (dashed line) are compared.

Since AuGe reaches a eutectic point a 430°C, which was believed to be the
mechanism triggering the spike formation, the strategy to solve this problem was to

try to avoid this temperature in any step of the process after the AuGe deposition. All

315



anneals were thus performed at 420°C or lower, which resulted in an n-contact
resistance dightly higher than its optimum value (reached for the annealing
temperature of 430°C). The p-contact resistance using a Pd/Zn/Pd/Au metal scheme
was found to be optimum for an annealing temperature 380°C, and was thus not
affected by this limitation. Oxidation, initially performed at 420°C for 12min, was
recalibrated and performed at 400°C. Whether the cause of the problem described in
early attempts was indeed gold spiking or not, and whether it was caused by the n-
contact anneal or by the oxidation is still unclear, but changing the temperature

budget eliminated the problem, which did not appear again.

PM GI punch-through

Another source of failure in early fabrication attempts was the short-circuiting of
the gain diode. This problem was known to occur after planarization and CPW
deposition. All pointed to PMGI punch-through being the cause, as schematically

represented in figure 6.9.

It is still unclear whether this was caused by the more porous nature of PMGI
with respect to other insulators (such as SiNx or SIO,), or by local variations in the
thickness. However, introducing a 200nm thick SIO, layer on top of the bottom
contact, removed selectively to alow for contact of the gain diode p-type cladding,
caused this problem not to reappear. The implementation of this solution is also

schematically represented in figure 6.9.
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Figure 6.9: Left: schematic representation of the PMGI punch-through leading to a
short-circuit of the gain diode. Right: this problem was solved by evaporation of a
200nm thick layer of SIO, directly on top of the bottom contact, and patterned via lift-
off with the same photoresist mask as the metal itself. This SiO, layer was selectively
removed via CF,/O, RIE etch immediately before the deposition of the pillar facilitating
the connection between the gain pad and the bottom contact.

In summary, the fabrication process used to produce TAP detectors with vertical
coupling has been outlined, and the main problems encountered and the solutions
adopted have been discussed in detail. In the next paragraph, some of the test
patterns used to guarantee device integrity through the fabrication process, as well as

alowing early failure detection and troubleshooting will be presented.

On-chip test patterns

In this paragraph, the test patterns included on-chip in order to monitor the
characteristics of the devices during fabrication will be presented. Because of the
device design featuring small contact dimensions, the actual TAP detectors could not
be probed at different stages of their creation, only after the final CPW is deposited.
Thus, on-chip test patterns became very useful to detect eventual failures during the

fabrication process, as well as identifying at what stage they happened. The
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information provided by these test patterns was used to optimize the fabrication

process and overcome the problems outlined in the previous section.

Gain and absorption diodes

Due to the small dimensions of the detector and ground contacts in TAP detectors,
it is not possible to measure the integrity of gain and absorption diodes during
fabrication. After initial attempts where it was believed that gold spiking from the
ground contact was disabling the gain diodes, not only all temperatures involved in
the device fabrication were reduced to 420°C or lower, but large area (50-90nmm wide)
square-shaped diodes were introduced as test patterns easily accessible at all moments
during fabrication. Such diodes were fabricated simultaneously as the gain and
absorption diodes in the TAP detectors. Figure 6.10 shows a top view optical

microscope picture, identical for both gain and absorption diodes.

After the inception of this test pattern, it was possible to test the integrity of the
gain diodes as soon as their bottom contact was deposited and between the different
subsequent fabrication steps. Special emphasis was made on testing these diodes
before and after oxidation, trying to ascertain whether this particular step was the
cause of the degradation observed in early fabrication attempts, and shown in figure
6.8. Since the problem was not reproduced after the adoption of these test patterns, a
definitive answer cannot be provided on this issue. However, the confirmation that
the gain and absorption diodes was not degraded during fabrication once the

annealing and oxidation temperatures were reduced was extremely valuable.
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Figure 6.10: Microscope picture of gain or absorption diodetest patterns. Asindicated
in the figure, the Au sgquar es constitutes the detector contact in absor ption diodes or the
ground contact in gain diodes, while the bottom Au plane serves as the ground contact in
theformer, or asthe amplifier contact in the latter.

The detection diodes never experienced such a problem, but these test patterns
were deemed useful in order to determine the origin of their dark current. In fact, the
test diodes being square-shaped with variable side lengths, a dark current depending
linearly on the square side length for a given voltage would indicate a surface |eakage
source (the sidewall surface of the absorption test diode is given by 4Lt;, t being the
intrinsic detection region thickness and L the square side length), while bulk leakage
would cause a quadratic dependence (the absorption test diode area being L?).
Furthermore, any step significantly increasing the dark current could be easily

identified by using these test patterns. It was concluded through monitoring along the
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fabrication process that, after the planarization and prior surface oxide clean, most of
the dark current was caused by bulk leakage. The dark current would however
increase with time if the detector sidewalls were left uncovered. Hence the

importance of the PMGI, not only for planarization, but also as a passivation agent.

Oxidation depth test

Although the oxidation rate for the parameters used during fabrication had been
previously calibrated, it was deemed important to be able to determine as precisely as
possible the oxide depth achieved in TAP detectors. Since the amplifier waveguide
ridge is partially covered in metal by the time of oxidation (ground and detector
contacts have already been deposited), a direct measurement of this depth is not
possible. Test patterns were thus introduced, defining stripes uncovered by metal
during the Cl,-based amplifier waveguide etch. The sidewalls of these stripes are
thus identical to those of the amplification diode in the TAP detectors, barring the
presence of metal, which is not known to be an important factor in the oxidation rate.
Stripes oriented along, perpendicularly and at a 45° angle with respect to the
longitudinal direction of TAP detector waveguides were defined, as shown in figure
6.11. The combination of these features may also be used to test the isotropy of the

oxidation.
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Figure 6.11: Oxidation depth test pattern. Top view with SINx mask and prior to
etching (left) and detail after oxidation (right). Thedifferent stripe orientations are used
to confirm the isotropy of the oxidation. The different stripe widths allow for a quick
estimation of the oxide depth before a mor e accurate measurement.

PMGI punch-through test pattern

After the initial fabrication attempts resulting in short-circuited amplification
diodes, the process was changed as outlined in the previous section. However, in
order to confirm the cause of this problem should it repeat itself, test patterns were

introduced in the shape of parallel-plate capacitors, as shown in figure 6.12.

The bottom plate is defined by the p-contact metal, while the top plate is
deposited at the same time as the CPW. All the bottom plate, except for an opening
to allow testing, is covered with SO, at the same time as the bottom contact in the

actual devices.

These test patterns would have, in the case of the gain diodes being again short-

circuited, alowed us to determine whether the probable cause of PMGI punch-
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through was indeed behind this behavior. However, after the fabrication process was

changed, introducing the SIO, deposition, this problem did not reappear.

PMGI

/; o

/

S0,

Figure 6.12: PMGI punch-through test pattern. Top view before CPW metalization
(top) and schematic cross-section along the dashed line after completion (bottom). The
structure shown presents the same cross-section as the ensemble formed by the bottom
contact, SiO,, PMGI and CPW in actual TAP detectors.
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Devices equipped with test pads

As shown in figure 6.7, the placement by default of TAP detectors in the sample
is such that with one cleave two sets of devices are formed, at either side of the cleave
line, and with different lengths. This makes it impossible to access these devices
during the fabrication process. The previously described test patterns allow for
general testing of the integrity of “magnified” device parts, v.g., gain and absorption
diodes of large width to facilitate their on-chip probing prior to the deposition of the
interconnection CPW. However, it is possible to encounter problems during
fabrication that appear only when device sizes are small (v.g., short-circuit of detector
and ground contacts due to the small separation between them). In order to identify
early this sort of problems, one test pattern was devised as follows: for one set of
devices, instead of fabricating TAP detectors at both sides of the cleave line, wide
contact pads are fabricated at one side, which allowed access to the device located at
the other side of the cleave line, as shown in figure 6.13. This way, at least some of
the devices on the sample may be probed during fabrication, with a minimum waste
of useful space. Note that these devices may also be cleaved to produce one set of

TAP detectors at one side of the cleaveline.
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Figure 6.13: Optical microscope picture of TAP detectors equipped with large contact
pads allowing their probing during fabrication. The devices are cleaved along the
dashed line between their active half (left) and the probe pads (right), thus making it
possibleto test these devices optically after the fabrication processiscomplete. Therole
of each of the contact padsisindicated in thefigure.

This concludes the description of the most important test patterns embedded in the

sample during TAP detector fabrication.

In summary, the fabrication process of TAP detectors in GaAs has been described
and discussed, paying specia attention to the problems encountered, the solutions
adopted and the on-wafer test patterns designed to detect and help correct these

problems.
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CHAPTER 7

Experimental characterization of TAP detectors
with vertical coupling

In this chapter, the results of the experimental characterization of TAP detectors with
vertical coupling will be presented. Conclusions about the validity of the modeling
presented in previous chapters will be drawn, paying specia attention to the factors
limiting the performance of TAP detectors fabricated to date. Before cleaving the
devices, they were characterized electrically, by measuring both independently and
simultaneously the response of the gain and absorption diodes. After cleaving, an
initial optical measurement allowed us to find the peak of the optical gain. An anti-
reflection coating (AR-coating) was then deposited on the input facet of the device
before proceeding to fully characterize their optoelectronic response. The results
from these measurements will be presented and discussed in this chapter. Most of the
experimental results shown, as well as most of the discussion, will be centered around
GaAs-based TAP detectors, since the experimental characterization of InP-based TAP

detectors was performed by Dr. Donato Pasquariello. However, and since the
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analysis of those experimental results and their comparison with the theoretical
predictions was performed jointly with the author of this dissertation, a brief
summary of the characteristics measured in InP-based TAP detectors, as well as the

conclusions supported by those data, will also be presented.

Electrical characterization of TAP detectors

The electrical measurements performed on TAP detectors had two main goals:
ascertaining the electrical properties of gain and absorption diodes in order to be able
to relate them to the optoelectronic performance of the device, and measuring the
effect of the parasitic transistor that appears in TAP detectors with vertical coupling.
The forward-biased current-voltage (I-V) characteristics of the gain diodes will be
presented first in this section. Then, the effect of the parasitic transistor and the
reverse-biased 1-V characteristics of the absorption diodes will be presented
simultaneoudly, by studying the dependence of the reverse current in the detection
diode on both the reverse bias applied to it, and on the forward bias applied to the
gain diode. These measurements were performed using an HP4145 semiconductor

parameter analyzer.

Figure 7.1 shows the forward |-V characteristics of the amplification diodes in the
two generations of successfully fabricated GaAs-based TAP detectors with vertical
coupling. These results were taken before cleaving, resulting in all devices having

the same length (600mm). Very little deviation may therefore be expected for
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different devices, as confirmed by the plots. There is however a change in the
dynamic forward resistance from one generation to the next. The larger resistance
exhibited by devices from the second generation may without a doubt be related to a
larger resistance of the Alp2sGag7sAs p-doped cladding with respect to the
Alo2,GaggAs p-doped cladding present in devices from the first generation, and to the
larger characteristic resistance of the contacts deposited on this cladding. Transfer
length method (TLM) measurements confirmed this hypothesis, showing how the p-
doped cladding resistance had increased from the first to the second generation from
~800W per square to ~6000W per square, while the characteristic contact resistance

had risen from ~2 10 ®*Wem? to ~1.5 10" *Wem?.
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Figure 7.1: Typical current-voltage (I-V) characteristics of the forward-biased
amplification diodes in GaAs-based TAP detectors with vertical coupling. The results
shown correspond to several different devices from the first (left) and second (right)
generations. The increase in the forward differential resistance is due mostly to an
increase in the p-layer resistance and p-contact characteristic resistance because of the
increase in the aluminum content in the bottom cladding (Alg,GaygAsto AlgsGag 75AS).
The measurements were taken before cleaving, and correspond to the equivalent of
600mm long devices.
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The natural consequence of these results is that more Joule heating was produced
in devices from the second generation. The effect of the ensuing increase of
temperature will need to be taken into account when explaining the difference in

performance between these two generations.

The characteristics of the absorption diode and the parasitic transistor will now be
described. These are shown in figure 7.2, through the plot of the current of the
reverse-biased absorption diode as a function of the voltage applied to its terminals
and of the current injected into the forward-biased amplifier diode. Note that,
although the devices were not cleaved at the point in time where these measurements
were taken, spontaneous emission and ASE are produced in the device. The tota
current in the absorption diode is thus the sum of its dark current, the current
generated by the effect of the parasitic transistor, and the contribution produced by

the absorption of spontaneous emission and ASE.

The reverse current in the absorption diode seems to have two very different
regimes. For low applied reverse voltages (<1.5V), the total reverse current is
virtually independent on the applied voltage, being determined nearly exclusively by

the current injected into the amplification diode.
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Figure7.2: Typical current-voltage (I-V) characteristics of therever se-biased absor ption
diodes in GaAs-based TAP detectors with vertical coupling, for different values of the
amplification diode bias current. The results shown correspond to the first generation
of successfully fabricated devices. Little qualitative difference was found between the
characteristics of both generations.

We may expect the reverse current across the absorption diode to have mostly two
origins. the absorption of ASE and spontaneous emission generated in the
amplification region, and the collector current from the parasitic transistor. In the
first case, the reverse voltage applied to the detector may help extract the generated
electron-hole pairs more efficiently. In the second case, this applied voltage
corresponds to the base-collector voltage, and would generate changes in the
transistor behavior due to modulation of the base width. However, the base of the
parasitic transistor (middle cladding) is thick and highly doped (see tables 6.1 and
6.2). We may therefore expect the effect of the modulation of the base thickness to

be negligible. Likewise, due to the built-in field of the detection Schottky diode, the
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carrier extraction is aready efficient at zero applied bias. Therefore, both current
contributions may be assumed to depend very little on the reverse voltage applied to
the absorption diode. Thus, whether the main mechanism generating this quasi-
constant reverse current in the detection diode is only absorption of spontaneous
emission and ASE, or an important contribution to it is generated through the effect
of the parasitic transistor, may not be explained using only the plot shown in figure
7.2. Comparison between electrical and optical properties will be necessary to

distinguish between these different contributions.

In a second regime, for higher reverse voltages, we may see how the reverse
current generated does depend indeed on the applied voltage, while simultaneously
the plots for different amplifier bias currents are not paralel anymore and start
diverging. Obviously, when no current is injected in the gain diode, we may assume
that all the current measured corresponds to the dark current of the detection diode.
The divergence between the plots for different amplifier bias currents may be
explained as follows. due to the non-zero resistance between the region of the n-
cladding immediately below the detection diode and the ground contacts, a positive
voltage, increasing with the amplifier bias current, will appear at the anode of the
absorption diode, resulting in an absolute value Vg Of the effective reverse applied

voltage given by

Veff :Vrev + IbiasRat (7-1)1

332



where Ve, is the absolute value of the reverse bias applied between detector and
ground contacts, lyias IS the current injected into the amplifier and R the lateral
conduction resistance. The result isthus alarger absolute value of the reverse voltage
applied to the detection diode for larger values of the bias current injected into the
gain active region. The detector being aready close to breakdown, as evidenced by
the curve obtained when the gain diode is not biased, these small changes in the
effective voltage applied to the detection diode (in the order of 0.1V for gain diode
current variations in the order of 10mA) cause measurable variations in the

background current of the detection diode.

In the next section, the comparison between the electrica and the optical
characteristics of the device will determine the relative importance of the
contributions of absorption of spontaneous emission and ASE, and the effect of the
parasitic transistor, to the total background current. One main conclusion however
may be pointed out of the results shown in figure 7.2: the changes that we may expect
in the carrier collection efficiency through changes in the reverse bias applied to the
absorption diode are not bound to be significant, making it possible to operate the

device with an external bias of OV applied between ground and detector contacts.

Optical characterization of TAP detectors

In this paragraph, the optical characteristics extracted through measurement from
GaAs-based TAP detectors with vertical coupling will be presented. First, the setup

used to measure said characteristics will be briefly described. Next, the device
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behavior in the absence of an optical input will be presented. Using the measured
spontaneous emission, ASE and background current, we will establish how important
the effect of the parasitic transistor realy is. Similar measurements extracted from
InP-based devices will be presented too, in order to determine the main factors
affecting the contribution of this transistor to the background current for generic TAP
detectors with vertical coupling. Finally, the measured photocurrent will be

presented, and its dependence on various factors will be described.

M easurement setup

Given the relative complexity of TAP detectors, and the various phenomena of
different nature that are present in them, several different measurements are necessary
in order to accurately characterize their behavior and the processes involved. The
measurable photocurrent may be extracted by measuring the total current collected in
the absorption diode, both in the presence and absence of an input optical signal, and
subtracting both quantities. Expressing this amount in units of electrons per second,
and dividing it by the known input optical power, expressed in units of photons per
second, we obtain the measurable external quantum efficiency. In order to optimize
the coupling efficiency, a lensed fiber was used. Its working distance was ~4nmm,
while atypical spot size was ~2nm. Measuring the optical power present in the fiber
allows for the characterization of the true external quantum efficiency. Precision
trandation stages are used to optimize the coupling. The criteria used for this

optimization will be described in detail later in this chapter.
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The measurements presented in the previous section characterize the background
current of the device, including its dependence on the amplifier bias current.
However, in order to fully determine its origin, and what factors may be significant to
its generation, it is also necessary to measure the ASE and spontaneous emission
generated. The former is obtained by substituting the lensed fiber by a broad area
detector, allowing the measurement of the ASE power coupled out through the device
input facet. The latter may be measured by adding a second broad area detector,
positioned at an angle with respect to the direction of propagation of light inside the
device. This feature was added for the measurements performed on the second
generation of TAP detectors. Figure 7.3 shows a schematic representation and a
photograph of the described measurement setup. An HPA4145 semiconductor
parameter analyzer was used as current and voltage source, and current meter for the
detection diode and external broad area diodes. The experimental results obtained

with this setup will be presented and discussed in the following sections.
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Figure 7.3: Photograph of the measurement setup used to characterize the behavior of
TAP detectors with vertical coupling: photograph. The lensed fiber may be exchanged
by a broad area detector, allowing the measurement of the ASE produced in the
amplifier region. A second broad area detector, shown in the photograph, is used to
measur e the spontaneous emission produced.

Spontaneous emission, ASE and backqground current

The importance of the different contributions to the background current in TAP
detectors may be determined by the simultaneous measurement of the spontaneous

emission and ASE produced in the device, together with the total background current.
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Figure 7.4 shows the measured ASE produced in the device and background current
for four different cases. These two quantities are normalized to their maximum
values in the range of amplifier bias current considered. Two of the plots shown
correspond to measurements performed on InP-based TAP detectors, with p-n-p and
n-p-n configurations. The third and fourth plots correspond to devices from the first
and second generations, respectively, of GaAs-based TAP detectors. In the plot
corresponding to devices from the second generation of GaAs-based TAP detectors,
the spontaneous emission generated in the device is shown. This spontaneous
emission was measured using a broad area detector at an angle with the direction of
propagation of light inside the device. A quantitative relationship between the
measured spontaneous emission and the actual spontaneous emission per unit volume
and time inside the gain region of the TAP detector is, at best, extremely difficult to
estimate, due to the effect of reflections in the multiple semiconductor layer
boundaries and interconnection metal present in fully fabricated devices. Normalized
values of the spontaneous emission, expressed in arbitrary units, provide however
enough information to deduce the relative importance and respective behavior of the
contributions to the total background current from absorption of spontaneous

emission and ASE.
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Figure 7.4: Simultaneous measur ement of ASE generated in TAP detectors (dashed ling)
and total background current (full line) as a function of the bias current in the gain
diode. Resultsareshown for four different devices: GaAs-based TAP detectorsfrom the
first (top left) and second (top right) generations, and InP-based TAP detectors with n-
p-n (bottom left) and p-n-p (bottom right) configurations. The spontaneous emission
generated in the GaAs-based TAP detector from the second generation, and captured in
a broad-area detector at an angle with the direction of propagation of light inside the
device (dotted line) is also shown in the corresponding plot. Current and power values
are normalized to their maximum value in the amplifier bias current range considered.
The applied reverse voltage to the detection diode is 3V for the InP-based devices, and
0V for GaAs-based devices. All devices whose behavior is shown in this figure are
approximately 200mm long, and the widths of their detection and amplification regions
are 3mm.

Note that, since the absorption diode in InP-based TAP detectors is not a Schottky

diode, a reverse bias may be necessary for efficient carrier extraction. A reverse

338



applied voltage of 3V was shown to produce this efficient extraction, while
minimizing any possible effects on other contributions to the dark current. The bias
applied to the absorption diode in GaAs-based TAP detectorsisOV. The use of plots
from devices with the same length (~200nm) and active region width (3mm) makes a

fair comparison between the different cases possible.

Figure 7.4 dlows for very vauable conclusions. First, a very important
qualitative difference may be found between InP-based n-p-n TAP detectors and TAP
detectors with a p-n-p configuration. In the device with n-p-n configuration, the
background current increases monotonically, independently on the roll-off
experienced by the ASE produced in the device, showing a very significant
contribution from the parasitic transistor. In devices with a p-n-p configuration,
however, the ASE and the background current evolve much more similarly, rolling-
off nearly smultaneously. The absorption of ASE may then be assumed to be the
origin of most of the background current. As discussed in chapter 2, the reason for
this difference in behavior is most likely the lower mass and higher diffusion length
of electrons with respect to holes. In n-p-n devices, this results in a worse
confinement of carriers injected from the bottom cladding into the amplification
diode, i.e., alarger flow of minority carriers into the middle cladding. Furthermore,
these carriers diffuse more easily through this middle cladding, being collected in the
form of a current through the detection diode much more easily than holes in the case
of devices with a p-n-p configuration. Apart from the doping type of the different

layers, there was not a significant difference in the design of n-p-n and p-n-p InP-
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based TAP detectors, which strongly supports that the latter is a much better
configuration for minimizing the effect of the parasitic transistor. This conclusion,
reached through observation of the measured characteristics of InP-based devices,
may be in principle extrapolated to any material system where electrons are lighter

and present higher diffusion lengths than holes.

Slight differences exist also between the results shown in figure 7.4 for GaAs- and
InP-based devices with a p-n-p configuration. When the ASE rolls off, the
background current seems to remain pretty much constant in the latter case, whereas
it starts decreasing rapidly in the first case. In other words, the contribution from
other origins other than the absorption of spontaneous emission and ASE may be
assumed to be of little significance in GaAs-based TAP detectors, while a small
contribution of a different origin, most likely stemming from the parasitic transistor,
appears in InP-based devices for high amplifier bias currents. Asdiscussed in chapter
2, this difference in the behavior may be explained through the better confinement of
carriers in the amplification region in GaAs-based devices, due to the presence of the
doped, higher aluminum content (and thus higher bandgap) layers used to provide

lateral current confinement through selective wet oxidation.

A difference is aso observed between the first and second generations of TAP
detectors. We may expect that the second generation would roll-off more quickly due
to the additional Joule heating, but the plots show the opposite. Thisis due to the fact
that, in the first generation, saturation is much more important than in the second, for

two different reasons: first, the presence of the cladding mode described in chapter 6
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(see figure 6.3), and second, the larger (nearly double) cross-sectional area of the
active region in devices from the second generation, due to the additional quantum
wells (QWSs) (compare tables 6.1 and 6.2). In other words, a smaller amount of
heating produces in the first generation roll-off of the ASE at lower amplifier bias
currents due to the combination of a much smaller saturation power and the presence
of modes experiencing net gain for smaller values of the carrier density. In the range
of amplifier bias values considered, both devices produce roughly similar values of
total background current (~1mA), while the device from the first generation produced
higher ASE power (~150mN) than the device from the second generation (~70mV).
In other words, the ASE produced in devices from the first generation grows faster
with the amplifier bias current (consistent with a smaller amplification volume to be
pumped and with the presence of supported modes experiencing net gain for smaller
values of the carrier density), while devices from the second generation convert more
efficiently optical power generated in the amplifier into current in the detector
(consistent with the presence of supported modes with significant simultaneous
overlap with both gain and absorption regions). In other words, a much more
dramatic effect of the distributed combination of amplification and detection may be
expected from the second generation. So far, the changes introduced from the first to

the second generation of GaAs-based devices seem to produce the desired results.

Finally, let us address the issue of spontaneous emission and ASE in the case of
GaAs-based devices from the second generation. As the ASE and background

current start to increase, the spontaneous emission initialy increases, and then seems
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to quickly saturate, remaining close to constant. This is not surprising given the
simulation results and discussion about the effect of competition between signal and
ASE presented in chapter 2 (see figure 2.34). As aresult of the stimulated emission
rate due to the presence of ASE increasing much more quickly than the spontaneous
emission rate, the carrier density inside the gain region grows sublinearly with the
injected bias current, resulting actually in a behavior similar to the carrier clamping
experienced in semiconductor lasers. This accounts for the quick saturation in the
value of spontaneous emission collected, while the ASE produced, and background

current collected, continue to increase.

In summary, the measured ASE and background current produced in TAP
detectors in the absence of an input signal have been presented and discussed. It has
been shown that in GaAs-based TAP detectors (all with n-p-n configuration) the
contribution to the total background current from the effect of the parasitic transistor
is negligible. In InP-based TAP detectors with a p-n-p configuration, this
contribution may be considered residual, while it is very important in InP-based
devices with an n-p-n configuration. This strongly supports the validity of the
discussion and conclusions presented in chapter 2, i.e., an n-p-n configuration is
undesirable due to the higher mobility of electrons resulting in a larger effect of the
parasitic transistor, while the doped, higher auminum content layers used for
selective lateral oxidation in GaAs-based TAP detectors add carrier confinement in
the vertical direction, reducing the effect of the transistor action in the device. The

additional Joule heating expected in the second generation of GaAs-based devices is
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shown to be, a priori, lessimportant than the saturation in the first generation. Thisis
argued to be a consequence of the optimization of the optical mode overlap with gain
and absorption regions, geared towards the eimination of the cladding mode
supported by devices from the first generation, while modes presenting significant
overlap with both active regions are supported in devices from the second generation.
This is consistent with the faster growth of ASE power with amplifier bias current,
the smaller background current produced by the same amount of ASE, and the earlier
onset of saturation in devices from the first generation. Thus, despite the additional
Joule heating, the distributed combination of gain and absorption may be expected to
have a more dramatic effect in devices from the second generation. This will be
shown to be true in the next section, when the device response in the presence of

input power is presented and discussed.

Photocurrent

In this section, the photocurrents measured in GaAs-based TAP detectors are
presented. The meaning of “optimum coupling” will be discussed, especially as far
as the first generation of devicesis concerned. Finaly, the effects of temperature and
saturation are intuitively compared based on the experimental results obtained. This
allows us to evaluate the device performance and establish the main performance

limiting factorsin both generations.
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First generation

According to the optical simulations presented in chapter 6 (see figure 6.3), three
main modes or types of modes are supported in TAP detectors with vertical coupling,
overlapping chiefly with the claddings, the amplification and the absorption region,
respectively. The three types of modes are predicted to exist in the first generation of
successfully fabricated GaAs-based TAP detectors. This, of course, results in
complications when the optimum position of the fiber lens for maximum coupling is
sought. One way to look for this optimum position is by reverse-biasing both gain
and absorption diodes, and looking for the maximum detected photocurrent for a
given input optical power under these conditions, either in the amplification or in the
detection diodes. Maximizing the sum of both photocurrentsis also a viable strategy.
Once the optimum position for the lensed fiber is found, the amplifier is forward-
biased and the measurement of the photocurrent in the presence of simultaneous gain
and absorption may be performed. In order to compare how these three criteria do or
do not produce an optimum response, a vertical scan was performed, moving the
lensed fiber at 1nm intervals with the help of a precision trandlation XY Z stage. Prior
to this scan, the sum of the photocurrents in gain and absorption diodes was
maximized by transating the fiber in the three orthogonal directions. It was assumed
that this alignment produced the optimum fiber position in the lateral (x) and
longitudinal (2) directions. The results of the scan in the vertical (y) direction are
shown in figure 7.5, taking as y=0 the lowest point scanned (closest to the device

substrate). The input optical wavelength was set at 855nm. This value coincides with



the maximum power density in the output ASE spectrum measured in the absence of

an input signal.
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Figure 7.5: Measured photocurrent (difference between total current in the presence
and absence of an optical input) in GaAs-based TAP detectors from thefirst generation
as a function of the amplifier bias current and for different vertical positions of the
lensed fiber y. The coordinate y=0 is taken at the lowest point in the scan perfor med.
For clarity, the curve for coordinate y=2 (closest to the maximum photocurrent detected
in the gain diode when both diodes are rever se-biased) isdashed. The closest position to
the maximum current detected in the absorption diode when both diodes are reverse-
biased corresponds to y=3. The device length is 300nm, while the width of gain and
absor ption active regions is 3mm. The incident optical power is 200mA. The device
measur ed was not AR-coated.

Figure 7.5 corroborates most of the assumptions that have been developed about
the inner working of the first generation of TAP detectors. In order to substantiate
this statement, let us focus on the evolution of three characteristics of the curves
shown in this figure with the position of the lensed fiber: the value of the measured

photocurrent at low amplifier bias current, the initiad slope of the measured
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photocurrent with respect to the amplifier bias current, and the value of the amplifier

bias current for which the measured photocurrent reaches a maximum.

Obvioudly, the measured photocurrent for small values of the amplifier bias
current corresponds to what we could call “direct detection in the absorption region”.
The carrier injection into the gain diode being very low, this diode is highly
absorptive. Most of the photocurrent will be thus originated by absorption of light
coupled into detector modes. In this region of the curves, the distributed combination
of amplification and absorption does not show its effects yet. The maximum value of
the photocurrent in this regime corresponds to the highest photocurrent generated in
the absorption region when both diodes are reverse-biased, in perfect agreement with

thisinterpretation.

The initial slope may be related to the effect of the distributed combination of
amplification and detection when the saturation has not yet set in, or when its effect is
small. Consequently, this slope should be largest when the coupling into the
amplifier mode is optimized. When both diodes are reverse biased, this would
correspond to the maximum photocurrent value detected in the amplifier, i.e, a
situation close to the curve shown in figure 7.5 for y=2. As the coupling shifts
towards detector modes (y>2) or cladding modes (y<2), the value of this slope should
drop, since detector modes do not experience the benefits from the distributed gain,
while cladding modes overlap very little with the absorption region, and generate thus

very small amounts of photocurrent.
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Finally, the roll-off in the measurable efficiency indicates the onset of saturation
in the gain region. Since the chief cause of amplifier saturation is the presence of a
large amount of power in the cladding mode, which is the only one experiencing net
gain, we would expect a more dramatic effect of saturation when the coupling into the
cladding mode is optimized. In perfect agreement with this hypothesis, the roll-off
shiftsto lower amplifier bias currents as the fiber is moved downward, i.e., as most of

the light isincident on the lower cladding.

It isinteresting to note that, as a consequence of the different effects mentioned in
the previous discussion, the highest measurable photocurrent corresponds to positions
of the fiber that maximize the coupling into the detector, and not into the amplifier.
This is not, however, the behavior that we would expect from TAP detectors with an
optimum design. It is important to realize, however, that when y=2, the slope of the
measured photocurrent with the amplifier bias current is maximum for the cases
considered. In that sense, the effect of the distributed combination of gain and
absorption is most dramatic, coinciding with the optimum coupling into the amplifier
mode. In other words, it is the saturation of the amplifier due to the presence of the
cladding mode that limits the performance of TAP detectors in this generation.
Furthermore, with the simulated values for the confinement factors in the gain and
absorption regions, the amplifier mode still suffers net attenuation, or an even more
dramatic effect of the combination of gain and absorption may be possible if

cancellation between them becomes possible, and cladding modes are inhibited.
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In terms of the absolute values of the measured efficiency, the maximum value of
photocurrent corresponds to roughly 35% external quantum efficiency. Due to the
lack of an anti-reflection coating for these devices a the time when these
measurements were taken, approximately 30% of the optical power is lost to
reflection at the front facet. Considering therefore that only 70% of the input power
has a possibility of being coupled into the device, we may estimate the external
guantum efficiency of an identical device with a perfect AR-coating at 50%. This
number is till below the expectations for TAP detectors. The maximum efficiency
actually found for this generation of devices corresponded to coupling in between
positions y=2 and y=3, after optimizing again the alignment in the longitudina z
direction, and for a device 300mm in length. The measured external quantum
efficiency is shown in figure 7.6, for an input optical power of 268mAN. The device

was still not AR-coated.

Consistently with previous measurements, the photocurrent changes slowly with
the amplification diode bias current. In fact, more than half of the total photocurrent
measured seems to be due to the detector mode. Thus, even though an external
quantum efficiency of 56% is shown in figure 7.6 (corresponding to ~80% external
quantum efficiency if a perfectly matched AR-coating was deposited in the front
facet), and this figure, together with figure 7.5 do indeed constitute proof of principle
of the effect of the distributed combination of gain and absorption, this effect is still

relatively small.
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Figure 7.6: Maximum measured external quantum efficiency in GaAs-based TAP
detectors from the first generation as a function of the amplifier bias current. The
device length is 300mm, while the width of gain and absorption active regions is 3mm.
Theincident optical power is268mV. The device measured was not AR-coated.

All the experimental results presented up to now in this chapter strongly suggest
that the main factor limiting the TAP detector response is gain saturation affecting
both the signal and the ASE. The optimum efficiency presented in figure 7.6 was
indeed obtained by optimizing the coupling in order to produce a maximum
photocurrent in the detection region when both diodes were reverse-biased, i.e., close
to the minimum coupling into the cladding mode while keeping close to its maximum
the sum of power coupled into the detector and amplifier modes, consistently with

this hypothesis.

Devices from the first generation were AR-coated and measured again. The
device whose response is shown in figures 7.5 and 7.6 failed before the AR-coating

was deposited, due most probably to having its front facet scratched by the lensed

349



fiber in an effort to improve the coupling efficiency. Other AR-coated devices
exhibited an increase in their external quantum efficiency of about 40%, consistent
with a close to optimum coating being deposited on their front facet. However, the
absolute value of their measured efficiency was not higher than the optimum value
shown in figure 7.6. A device length of 300mm seems therefore to be the best
compromise between longer devices for higher efficiency and shorter devices for

smaller effect of saturation.

In summary, proof of principle of the effect of the distributed combination of
amplification and absorption has been offered. A maximum external quantum
efficiency of 56% has been demonstrated for the first generation of GaAs-based TAP
detectors with vertical coupling, without the deposition of an AR-coating. The
observed behavior (dependence on the amplifier bias current and input optical power)
is fully consistent with the modeling performed, strongly supporting the conclusion
that gain saturation due to the presence of a cladding mode is the chief limiting factor

for this generation of devices.

In the next paragraph, results obtained through measurements performed on the

second generation of GaAs-based TAP detectors will be presented and discussed.

Second generation

The measurements performed on the second generation of GaAs-based TAP

detectors are analogous to those performed in the first generation. The measured
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external quantum efficiency for a 200mm long device is shown in figure 7.7, as a

function of the amplifier bias current and for different input optical powers.
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Figure 7.7: Measured external quantum efficiency in GaAs-based TAP detectors from
the second generation as a function of the amplifier bias current, and for different
values of the input optical power. The device length is 200mm, while the width of gain
and absor ption active regionsis 3mm. The device measured was AR-coated. For clarity,
theresponse for 0.5mW input power isshown in a dashed line.

The optimization of the coupling was performed by reverse-biasing the
amplification region, and maximizing the photocurrent detected in it. As opposed to
the first generation, only two main modes exist a priori in the second generation of
GaAs-based devices, a detector mode and an amplifier mode. The photocurrent
extracted from the former will not depend heavily on the amplifier bias current, due
to the much larger confinement factor in the absorption region for this mode. The

latter will experience the effect of the distributed combination of amplification and
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photodetection, and overlaps mostly with the amplifier. Thus, maximizing the optical

power coupled into this mode is nearly equivalent to the procedure used.

The first characteristic that we may notice in figure 7.7, apart from the much
larger value of the measured external quantum efficiency, is the difference in the
response for different input optical powers. For relatively small input optical powers
(16MN), the efficiency increases nearly linearly with the amplifier bias current,
reaching values in excess of 200% for an amplifier bias current of 100mA. This was
the maximum value provided by the HP4145 semiconductor parameter analyzer. The
external quantum efficiency does not seem to saturate yet for this value of the input
optical power. As the input optical power grows, the efficiency decreases, showing
clear signs of saturation when the input is 0.5mW. This trend may be understood
intuitively as an effect of the competition between the signa and ASE for the
available optical gain, as discussed in chapter 2. In other words, as the input optical
power increases, the additional recombination necessary to sustain this optical power
inside the device results in a reduction of the carrier density present in the
amplification region, in turn producing a reduction of the background current,
resulting in a lower measurable external efficiency. Thisis fully consistent with the

interpretation of TAP detector behavior outlined in this dissertation.

In order to continue carrying this comparison, let us focus on the behavior for
small values of the amplifier bias current, shown in figure 7.8. Comparing this plot
with figure 2.36, we may immediately see similarities and differences. The slope

obviously changes, decreasing as the input optical power increases. The curves
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shown in figure 7.8 for input optical powers of 16, 45 and 75mN intersect at one
point, as all the curves do in figure 2.36. The measured curve for an input optical
power of 0.5mW was not obtained simultaneously with the other three, so achangein
the coupling efficiency (although the optimization procedure was the same) may be

expected.
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Figure 7.8: Measured external quantum efficiency in GaAs-based TAP detectors from
the second generation as a function of the amplifier bias current, and for different
values of theinput optical power. The plot isadetail of figure 7.7, showing the behavior
of the same device for small values of the amplifier bias current. The device length is

200nm, while the width of gain and absorption active regions is 3mm. The device
measur ed was AR-coated.

The previous observations will now be interpreted. First, the amplifier bias
current for which all curvesin figure 2.36 meet is intuitively understood as the point
where the amplification region becomes transparent. Under this condition, the

amplification region produces no effect in the incoming light, and vice versa. It is
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therefore just natural to assume that, as long as the coupling efficiency is constant, the
measured efficiency should be the same for all input optical powers. This is indeed
consistent with the results shown in figure 7.8. For lower bias currents, stimulated
absorption in the amplifier region dominates, resulting on one hand in net attenuation
for the input optical power, and on the other hand on a net generation of electron-hole
pairs which increases as the input optical power grows. This excess number of
electron hole pairs will contribute to the generation of ASE and spontaneous
emission, i.e., to the background current. Therefore, for amplifier bias currents below
the common point in figure 7.8, the apparent larger external quantum efficiency for
larger input optical power is actually a result of the increase in the background
current.  The simulations presented in chapter 2 seem to indicate that the most
important reason for this increase is the change in the current generated in the
detection region as a result of the absorption of spontaneous emission produced in the
gain region. The theory developed for TAP detectors with vertical coupling and the

experimental results obtained therefore agree at this point, at least qualitatively.

Assuming that the previous conclusion is true, as evidenced by the experimental
results shown in figures 7.7 and 7.8, we may also conclude that the roll-off shown in
the response for the highest input power considered (0.5mW) is due to areduction in
the current generated through absorption of the ASE produced in the gain region.
This effect shows itself in the modeling presented in chapter 2 when the net gain per
unit length is very large, as evidenced by the values of the measurable efficiency

(~100) that may be reached before the competition between signa and A SE produces
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a roll-off in the device response. The importance of this effect increases with the
input optical power. It is therefore not surprising that the response clearly exhibits
this roll-off for an input optical power of 0.5mW, while it is less important for 75mn\.
Saturation may be observed for 45m\, and the response for 16mV is nearly linear in

all the measured range of values of the amplifier bias current.

Therefore, a direct comparison between the simulated values shown in figures
2.35 and 2.36 and figures 7.7 and 7.8, alows us to conclude that the experimental
results obtained agree qualitatively with the behavior of TAP detectors as we have
described it in previous chapters of the dissertation starting from known aspects of the
physics of traditional amplifiers and photodetectors. Quantitative differences exist, as
evidenced by the following facts. the difference in the slopes of the measurable
efficiency with the amplifier bias current for different input optical powers is much
more severe in the experimental data. Furthermore, device saturation is recorded to
happen experimentally for lower values of the external quantum efficiency. In other
words, in real, fabricated devices, the effects of saturation are more important than in
the simulated results shown in chapter 2. This disagreement will be discussed and
reconciled in the following paragraph, where the approximations made in producing
said simulated values will be considered, together with the effect of changes in
temperature as a consequence of Joule heating. The latter will be argued to be an
important factor in the experimental results obtained for the second generation of
GaAs-based TAP detectors with vertical coupling, in agreement with the increase in

the gain diode resistance shown in figure 7.1.
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In summary, the measured externa quantum efficiency in GaAsbased TAP
detectors with vertical coupling has been presented and discussed in this paragraph.
These results show a very good qualitatively agreement with the modeling performed

and conclusions reached in previous chapters of this dissertation.

Effect of temperature

In the previous paragraph, the measured external quantum efficiency in GaAs
based TAP detectors with vertical coupling was presented. The values obtained, and
specifically their dependence on the input optical power and the gain diode bias
current were discussed, showing very good qualitative agreement with the theory
developed for these devices and presented in previous chapters of this dissertation.
However, quantitative differences still exist. In this paragraph, the effect of the
device temperature and the approximations introduced in chapter 2 when calculating
the effect of competition between signal and ASE will be discussed. It will be argued

that these effects are the source of these quantitative differences.

In order to study the effect of temperature in the devices, let us recall that, as the
temperature of an optical amplifier increases, two effects occur. One of them is the
broadening of the electron-hole pair distribution with energy, as a consequence of an
increase in the Fermi energy of the carrier reservoir. Another one is the lower
injection efficiency, due to the increase of thermionic emission of electrons and holes,
which escape from the quantum wells and the SCH (see for example [1], Appendix

2). Other effects are also caused by an increase in the device temperature, but these
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two are the only ones for which clear evidence exists in the recorded data, so all other
effects of temperature will be neglected in the following discussion. The two effects
considered may be intuitively understood to affect the gain in the following way: due
to the broadening of the electron-hole pair occupancy as a function of energy, a
broadening of the gain and spontaneous emission spectra may be expected.
Therefore, and since the input signal is monochromatic, smaller and smaller changes
in the gain experienced by that signal may be expected as the carrier density increases
by fixed amounts, due to a larger range of electron-hole pair energies being popul ated
by the added carriers. Furthermore, carriers are less and less efficiently confined in
the gain region as the temperature increases, resulting in larger bias current variations
needed to obtain the same carrier density increase. As a larger bias current is
injected, the temperature will increase through Joule heating, requiring a larger bias
current change for the same change in the gain, and so and so forth, leading to the
optical gain for a fixed wavelength saturating with increasing amplifier bias current.
This effect is indeed observed in TAP detectors with vertical coupling, as evidenced
by figure 7.9, where the ASE spectrum measured for different bias currents for the

amplification region is shown.
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Figure 7.9: Measured spectrum of the ASE produced in the absence of an input signal
for the GaAs-based TAP detector whose response to an input optical signal is shown in
figures 7.7 and 7.8.

As the amplifier bias current keeps doubling, the effect of thisincrease in the gain
recorded for the wavelength of interest (855nm) is smaller and smaller. On the other
hand, the ASE spectrum becomes larger and larger. In other words, for bias currents
around or above 40mA, the increase in the background current shown in Figure 7.4
(top right plot) is a consequence of the spectral broadening of the ASE power at |east
as much as by the increase in the amplification experienced by the ASE. Similarly,
we may argue that in real devices, the rather linear behavior of the measurable
efficiency with the gain diode bias current, instead of the highly superlinear
dependence shown in chapter 2 (even when competition between signal and ASE is
taken into account) is partly caused by the increase in temperature. The effect of

saturation is also further enhanced by the increase in temperature, supplying the
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second cause for the linear behavior a low input power, and for the dramatic
dependence of the device response on the input power, both shown in figure 7.7. The
temperature-enhanced carrier leakage results in a variable injection efficiency,
decreasing with increasing temperature, and thus with increasing amplifier bias
current. In other words, the ratio between the actual bias current and the
recombination current (neglecting leakage) needed for the same increase in the carrier
density increases with increasing temperature. Figure 2.35 shows the dependence of
the device external efficiency as a function of the recombination current, assuming a
constant injection efficiency, while figure 2.31 shows the dependence of the gain on
the carrier concentration for afixed temperature (room temperature or 300°K). Inreal
devices, the actual bias current needed to produce the same response would be much
larger than the recombination current shown in figure 2.35, the ratio between both
increasing as they increase, as aresult of added Joule heating. This also results on the
actual gain for the input signal wavelength being smaller than the one shown in figure
2.31, as aresult of the broadening of the electron-hole pair distribution with energy.
The combination of these two effects results in saturation of the device performance
being reached for much lower values of the external quantum efficiency. It is
noteworthy, however, that the qualitative features of the result of competition
between signal and ASE shown in figures 2.35 and 2.36 are still present in the
measurements despite the aforementioned simplifications (constant injection

efficiency and constant temperature) used in obtaining the simulated results.
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One final quantitative difference between simulations and measurement is
explained due to the quasi-constant power approximation made in the modeling of
competition between signal and ASE presented in chapter 2. When the optical modes
suffer large variations along the device, whether net gain or net attenuation, the local
maximum optical power will be much larger than the average used in the simulations,
resulting in an underestimation of the effect of saturation in the model used. This
explains the much larger variations in the slope of the external quantum efficiency as
afunction of the amplifier bias current when the latter presents small values. Indeed,
we may consider a device biased so that the amplifier is at transparency. Now, when
the amplifier bias current decreases from this value, the gain region becomes
absorptive, leading to the eventual disappearance of the input optical power at the end
of the device. The average optical power in the device becomes thus much smaller
than the input optical power, resulting in small changes in the carrier density induced
by the absorption of the input signal. Although these changes occur (in the model)
along the entire device, due to the non-linear dependence of the gain with the carrier
density, larger changes in the carrier density over a smaller region (as would happen
in area device) would have a more dramatic effect in the device performance. An
analogous discussion shows that this underestimation of the effect of saturation in the

model presented in chapter 2 applies also when the gain region becomes amplifying.

In summary, the effect of an increase of the device temperature due to Joule
heating, coupled with the underestimation of the effect of saturation due to the quasi-

constant power approximation performed in chapter 2, are intuitively shown to be
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behind the quantitative differences between modeled and experimental results for

GaAs-based TAP detectors with vertical coupling.

This section has thus presented the optical characterization of GaAs-based TAP
detectors with vertical coupling. Different measurements (ASE produced, external
quantum efficiency and ASE spectrum) have been presented and discussed, showing
very good qualitative agreement between the model presented and the results
obtained from fabricated devices. The quantitative differences between them may be
tracked to the effect of temperature and to the simplifications made in the model. The
experimental results presented are therefore important evidence that the theory of
TAP detectors presented in this dissertation indeed holds, and that the only
differences between the results modeled using this theory and the measured data may
be tracked to simplifications performed in the model at the time of actual computation

(constant temperature, quasi-constant optical power).

Measured efficiency in InP-based TAP detectors

The measured external quantum efficiency obtained in InP-based TAP detectors
will now be briefly presented and discussed. Figure 7.10 shows this efficiency as a
function of the gain diode bias current, for a 300mm long device, and an input optical

power of 2.1mN. The device absorption region was 3mm wide.
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Figure 7.10: External quantum efficiency measured in a 300mm long InP-based TAP
detector with vertical coupling, featuring a 3mm wide absorption region, for an input
optical power of 2.1mN.

These devices were fabricated and measured by Dr. Donato Pasquariello, based
on ajoint design by him, grower Y ae Okuno and the author of this dissertation. The
experimental results were analyzed between Dr. Pasguariello and the author, with
contributions from Associate Adjunct Professor Joachim Piprek on simulations of
material gain and mode properties. Further details on the design, fabrication and

analysis of this device may be foundin [2].

The device, as shown in [2], presents two main modes, one detector mode and one
amplifier mode, each one of them overlapping marginally with the other active
region. The low bias current efficiency may therefore be assigned almost exclusively
to the detector mode, while the amplifier mode experiences large net gain as it

propagates. This results in a rapidly increasing efficiency with the gain diode bias
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current for small optical powers (2.1mMV in figure 7.10), but also on saturation due to
the large signal power when the input power increases (not shown in the figure).
These features are, once more, in complete agreement with the theory developed for

TAP detectors.

It is noteworthy that over 100% external quantum efficiency was also obtained in
InP, as a result of adapting the device design to the characteristics of this material
system. Figure 7.10 is therefore evidence pointing to the applicability of the theory
for TAP detectors developed in this dissertation to other material systems than GaAs,
and the possibility to obtain, using these devices, large efficiency and bandwidth may
be obtained at the wavelengths used in fiber-optic communication systems, which is

ultimately the main reason that motivated this work.

Summary

In this chapter, the experimental results obtained from fabricated TAP detectors
with vertical coupling have been presented and discussed, paying special attention to
GaAs-based devices. The results obtained support the theoretical model presented in
earlier chapters of this dissertation, showing at all times good qualitative agreement.
Quantitative differences may be explained as a result of the Joule heating-induced
temperature changes and the approximations performed during computation, namely
the quasi-constant optical power approximation used during the calculation of the

effect of the competition between signal and ASE. Supported both theoretically and
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experimentally, we may conclude that it is this competition between signal and ASE,
related to amplifier saturation, which currently limits the performance of TAP
detectors demonstrated up to date. Evidence is aso presented that this limitation is
worsened by the effect of temperature increase due to Joule heating. Results obtained
from InP-based devices are also presented. Both GaAs- and InP-based devices show
behaviors that constitute, to the best of our knowledge, the first demonstrations of the
effect of the distributed combination of gain and absorption. Devices fabricated in
both material systems exhibited external quantum efficiencies in excess of 100%,
with GaAs-based devices exceeding 200%. The fact that the origina design for the
GaAs material system could be adapted into the InP system, producing comparable
results, is an important step in TAP detector research, since it shows that these
devices may aso be designed and fabricated to operate at telecommunication
wavelengths. The overall experimental evidence discussed, and its support of the
model developed for TAP detectors and presented in earlier chapters of this
dissertation, is another important advance, since this theory may be accepted as a

solid starting point for future work in these devices.
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CHAPTER 8
Conclusions

In this chapter, the contents of this dissertation will be summarized, stressing the
main contributions made by the research described in it, and suggesting future
directions for research on traveling-wave amplifier photodetectors (TAP detectors).
First, the main theoretical results will be briefly summarized and discussed. This
discussion includes the description of the general behavior of TAP detectors, as well
as a brief comparison between the different structures proposed, stressing their
advantages or disadvantages over one another. Next, conclusions will be drawn from
the experimental results, stressing the main limitations to TAP detectors performance
observed to date. Finally, and based on both theoretica and experimental
conclusions, possible improvements will be suggested for future TAP detector

research.
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Theoretical conclusions

In this dissertation, a thorough theoretical investigation of TAP detectors is
performed. To the best of my knowledge, this constitutes the first theoretical study of
the implications and possible advantages of the distributed combination of optical
amplification and photodetection. In order to simulate the operating characteristics of
TAP detectors, previousy existing models have been combined, and a new noise
model has been developed. Throughout the dissertation, equations are drawn from
first principles, avoiding typical simplifications that may not be valid in the presence
of simultaneous or alternating optical amplification and photodetection. The result of
this theoretical study is a set of equations that may be used in the most general case of
amplifier-photodetectors with arbitrary geometry, which is next applied to three
particular configurations proposed in this dissertation, and used to simulate their
efficiency and bandwidth, as well as saturation and noise characteristics. From this
theoretical study, the main results are the description of the general behavior of TAP
detectors, as well as the particular characteristics of the different configurations
proposed in this dissertation. The former is described and the latter are compared in

the following two paragraphs, respectively.

General behavior of TAP detectors

This paragraph outlines the main characteristics of TAP detectors, based on the

common features presented by all configurations proposed in this dissertation. The
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following characteristics are a direct consequence of the distributed combination of

amplification and photodetection:

1)

2)

3)

4)

TAP detectors are capable of producing a larger photocurrent for the same
peak optical power inside the device. This fact justifies the potential of TAP

detectors in producing large, unsaturated photocurrents.

The ssimultaneous action of gain and absorption results in a trade-off between
efficiency and noise characteristics, resulting, under ideal circumstances, in a
constant ratio between noise figure and device efficiency when the optical
power propagates without changes. The device overal noise figure may
however be reduced by means of an initial amplification section, resulting in a
noise figure similar to that of traditional semiconductor optical amplifiers

(SOAS).

The presence of spontaneous emission and amplified spontaneous emission
(ASE) introduces limitations to the device performance, through the
generation of an undesired background current and larger uncertainty (noise)
in the detected signa. When the noise contribution from spontaneous
emission and ASE is negligible, the aforementioned ratio between noise figure

and device efficiency may be reached.

Furthermore, the fluctuations in the background current induced by the
presence of an input optical power results in a measurable efficiency which is

lower than the actual device efficiency. Gain saturation in the amplifier
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region, due to either signal or ASE, increases this effect. The origin of the
reduction in the measurable efficiency and the gain saturation lays on the
competition between existing photons (either belonging to the signal or being

originated through spontaneous emission) for the available gain.

Note that all of the above, except for the first characteristic, result in limitations to
TAP detector performance. Because of the nature of optical amplification and the
inherent spontaneous emission of photons, these limitations cannot be eliminated, but
their effect may be reduced. In order to do so, it is important to minimize the ASE
build-up and the generation of spontaneous emission that may be absorbed in the

detection region.

In the next paragraph, the TAP detector configurations proposed in this

dissertation will be compared.

Comparison of the proposed TAP detector confiqurations

To the best of my knowledge, only TAP detectors with vertical coupling have
been successfully demonstrated up to date. An experimental comparison between the
different configurations proposed in this dissertation is therefore not yet possible.
The theory contained in this dissertation is however complete enough to allow the

prediction of the unique characteristics of each configuration.

It is important to realize that the differences between TAP detectors with lateral
and vertical coupling will be a priori minimal, the performance of both

configurations being mostly determined by the modal confinement factors in the gain
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and absorption regions. Both configurations will have a loss-limited high-speed
performance, because of the continuous interaction of the signal electrode in the
interconnection coplanar waveguide (CPW) and semiconductor layers. Unless
careful design is applied, both configurations are prone to present modes interacting
mostly with the amplification region, leading to device saturation, and suffering
strongly from the competition between signal and ASE for the optical gain, resulting

in a strong dependence of the measurable efficiency on the input optical power.

The main advantages of TAP detectors with lateral coupling is a consequence of
the smaller angle of spontaneous emission from the gain region that will be absorbed
in the detection region, as well as the absence of a parasitic transistor. However, TAP
detectors with vertical coupling present several two very important advantages in

return:

1) Fabrication is simpler, without the need of ion implantation and/or

intermixing for electrical isolation.

2) The vertical stacking of gain and absorption region alows for single-

epitaxy grown, separately optimized active regions.

As shown in this dissertation, however, the effect of the parasitic transistor may
be minimized by appropriate bandgap engineering, while the effect of absorption of
spontaneous emission is secondary to absorption of ASE, leading to an overall
advantage of TAP detectors with vertical stacking, based on much simpler device

fabrication and better performance of each active region.
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TAP detectors with aternating gain and absorption present two very important

advantages when compared to a configuration presenting vertical coupling:

1) TAP detectors presenting alternating gain and absorption may be impedance-
and velocity-matched, presenting furthermore low attenuation, resulting in
excellent microwave propagation characteristics, and hence high potential

bandwidths (>100GHz).

2) The absence of a parasitic transistor, together with the minimal angle of
spontaneous emission that is coupled into the absorption regions limits the

main contribution to the background current to absorption of ASE.

TAP detectors with aternating gain and absorption are however more difficult to
fabricate, requiring ion implantation and/or regrowth for electrical isolation, and as
shown in this dissertation, good noise performance requires appropriate design of the
efficiency of each absorption region. However, the additional device complexity is

rewarded with much higher possible efficiency-bandwidth products.

The overall conclusion to be drawn from this paragraph may be then expressed as
follows: TAP detectors have, theoretically, the potential of presenting simultaneously
high efficiency, bandwidth and saturation power, with little or no change in noise
figure with respect to traditional photodetectors with optical preamplification. The
optimum configuration to achieve these results simultaneously would present
alternation between gain and absorption sections, the first section in the device

providing amplification. Lower bandwidth values may be expected in TAP detectors
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with transverse coupling. The reduction of the production of spontaneous emission

and ASE may be key in achieving optimum performance.

The conclusions supported by the experimental results obtained will be outlined

next.

Experimental conclusions

This dissertation presents the, to the best of my knowledge, first experimental
demonstration of the distributed combination of optical amplification and
photodetection. External quantum efficiency over 200% was demonstrated in GaAs-
based devices. In a parale effort, InP-based devices were also fabricated, reaching
over 100% external quantum efficiency. However, the experimenta contribution of
this dissertation goes beyond a proof of principle, or a certain performance vaue.
Indeed, the combination of experimental data and theoretical simulations points out
the most important factors limiting TAP detector performance up to date. The
following conclusions may be drawn from the experimental results and their

comparison with the theory developed for TAP detectors:

1) The presence of modes suffering large net gain may result in saturation,
due to either the signal or the ASE. In particular, al evidence points to
these modes as being the main limiting factor in the first generation of

successfully fabricated GaAs-based TAP detectors.
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2) The competition between signal and spontaneous emission for the
available gain reduces the measurable efficiency in TAP detectors. This
effect is also linked with optical gain saturation, and depends largely on the
input optical power. Experimental evidence points to this effect being the
main limiting factor in the external quantum efficiency measured for the

second generation of successfully fabricated GaAs-based TAP detectors.

It is therefore clear from the previous two conclusions that optimum TAP
detectors performance may only be obtained when al modes suffering large net gain
are eliminated, while at the same time the absorption of ASE in the detection regions
is minimized. Based on the previous theoretical and experimental conclusions, a
possible future line of research on TAP detectors will be next outlined. In my
opinion, this line of research has the best possibilities of obtaining optimum TAP

detector performance.

Future work

Based on the conclusions obtained from both theoretical and experimental results
shown in this dissertation, | will now outline the, in my opinion, best procedure for

obtaining optimum TAP detector performance, as a proposed future work direction.

Obviously, and due to losslimited performance of configurations featuring
transverse coupling, it is clear that achieving optimum efficiency-bandwidth product

requires the use of aternating gain and absorption. This configuration presents the
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additional advantage of minimizing the percentage of spontaneous emission that is
absorbed in the detection regions of the device. These two advantages are obtained at
the price of higher device fabrication complexity, requiring ion implantation,
intermixing or both. The separate optimization of amplification and detection regions
requires at least one regrowth, so that the gain sections feature a quantum well-based
active region, while absorption sections feature bulk active material. However, an
additional, extremely important advantage, may be obtained at little additional cost: a
second regrowth would alow the definition of filtering sections, with an active region
providing absorption at energies above the peak gain energy, i.e., dightly above the
energy for which the net gain per period is maximum. The photocurrent obtained
from absorption in these filtering regions is discarded, resulting effectively in high
optical loss for wavelengths shorter than the range of input wavelengths for which the

device performance is optimum.
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Figure 8.1: TAP detector with alternating gain and absorption and integrated filtering
sections. This configuration prevents ASE build-up, while taking advantage of velocity-
and impedance- matching, and low microwave propagation loss, for high efficiency-
bandwidth products and better linearity over alarger range of input optical power. The
initial amplification section ensures lower noise figure, as well as higher external
quantum efficiency. The double-sided arrow indicates the extent of one full period.

This scheme, shown in figure 8.1, presents the following advantages:

1)

2)

The ASE build-up inside the device is inhibited for wavelengths other than
those in the close neighborhood of the input wavelength for which device

performance is optimum.

As a consequence, the background current produced by absorption of ASE is
greatly diminished. Furthermore, the photocurrent noise term classicaly
called “spontaneous-spontaneous beat noise term” becomes also much
smaller, leading to the noise figure approaching the theoretical limit for a

larger range of input optical powers.
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3) Since the background current is much smaller, so are its variations induced by
changes in the input optical power. This results in a much better device
linearity, namely in a smaller dependence of the measurable efficiency on the

input optical power.

Note that it is important that filtering sections are included at both sides of the
absorption regions, in order to reduce aso the build-up of backward-traveling ASE.
It is also important to include an initial amplification section, not only to obtain larger

external quantum efficiencies, but also to reduce the overall device noise figure.

In conclusion, we have presented in this chapter the conclusions obtained from
both theoretical and experimental results shown in this dissertation. A future line of
TAP detector research is also proposed, in the form of TAP detectors with alternating
gan and absorption featuring an initial amplification section for low-noise
performance, and integrated optical filtering for higher linearity through minimization

of the effects of ASE build-up.
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APPENDIX A

Gain and spontaneous emission in
Semiconductor Optical Amplifiers

The concepts of optical amplification and spontaneous emission of photons in
semiconductor optical amplifiers (SOAs) cannot be separated. This fact becomes
very important at different levels. First, the spontaneous recombination of electron-
hole pairs subtracts from the total available gain that the input signal may experience.
Next, the spontaneous emission of photons, being random in nature, and independent
of the input signal, generates an inconvenient background level of optical power, and
becomes an important source of noise. Finally, as some of the spontaneously
generated photons may couple into guided modes, the amount of amplified
spontaneous emission (ASE) in the SOA may become important enough to saturate
the gain, thus becoming the source of non-linear behavior. In this Appendix,
equations are given linking gain and spontaneous emission. These relations are used
widely throughout the dissertation to describe the phenomena of saturation and noise

in TAP detectors.
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Emission and absorption of photonsin semiconductors

In this section, the concepts of spontaneous emission and stimulated emission and
absorption of photons by semiconductors, as well as their mathematical description,
are briefly addressed. Although these concepts or their expressions are not new, it is
important to establish a consistent notation at this point that will allow us to build a
strong model for gain, spontaneous emission of photons and noise throughout the

dissertation.

Semiconductors may be used to emit, amplify and detect light. The mechanisms

viawhich this may happen are summarized in figure A.1.

N, N, N,

aVaW

O O O

Figure A.1: Stimulated emission (left), stimulated absorption (center) and spontaneous
emission (right). Full dotsrepresent electronsin the conduction band, empty dots holes
in the valence band, wiggly arrows represent photons and straight arrows electronic
transitions.

From left to right, it shows stimulated emission, stimulated absorption and
spontaneous emission of photons. In stimulated emission, a second photon identical
to one that already exists is generated. The energy of that photon is given by an

electron in the conduction band that recombines with a hole in the valence band. An
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electron-hole pair may also recombine independently of aready existing light,
generating in this case a photon with random momentum, via spontaneous emission.
Finally, an electron hole pair may also be generated via the stimulated absorption of a
photon. Conservation of energy requires that the photon frequency n is equal to the
difference in the energies of the electron in the conduction band and the hole in the
valence band divided by Planck’s constant h. Since photons have negligible
momentum compared to electrons, direct bandgap semiconductors, where the
minimum energy in the conduction band and the maximum energy in the valence
band coincide in momentum space, are much more efficient light emitters than

indirect gap semiconductors.

The following paragraphs will show the mathematical description of the relation

between spontaneous and stimulated emission of photons in semiconductors.

Density of optical modes and spontaneous emission coupling
coefficient

Resonant modes in an optical cavity must satisfy the requirement that, after a
round-trip, their phase changes by an integer multiple of 2p. Calling n the refractive
index inside said cavity, the condition of resonance may be used to find the total
number of modes that may be emitted in it. The density of optical modes per unit
frequency and volume, r ¢(n), will then be given by the derivative of the number of
modes with respect to frequency, and divided by the cavity volume (see, for example,

[1], pp. 441-443).
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(A.D),

where ng=n+n (Tn/fIn) is the group index.

Since frequency n and wavelength | are related through nl =c, we can write the

density of optical modes per volume and per unit wavelength as

2
_8n'ng

I 4

dn

dl

ro(l)=ro(n)

(A.2).

The spontaneous emission coupling coefficient bg, represents the fraction of
spontaneously emitted photons that will couple into a particular mode. We can
assume that the probability of a spontaneously emitted photon to couple to each mode
is identical. Integrating (A.2) over the linewidth of the spontaneous emission and
multiplying by the mode volume, we would therefore obtain the inverse of bg, for a
semiconductor laser. However, for traveling wave SOAS longitudina resonance is
not a requirement. There is however confinement of the optical power in the lateral
and vertical directions. This results in a spontaneous emission coupling coefficient of
[2], [3]

GZ

®~ gn?s (A.3),

where Sis the cross-section surface of the active region and G the transverse modal
confinement factor. Intuitively, this means that the number of available modes in

each of the transverse directions is proportional to the number of times that we can fit
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awavelength in the waveguide dimension in that direction. This vaue is much larger
than the spontaneous emission factor in the case of a semiconductor laser, which may
be calculated as mentioned above from (A.2), and is given by (see, for example, [1]
pp. 444-445)

G4

-2 A.4),
¥ gn’n,Dl LV (A4

where V is the active region volume and Dl 4 is the spontaneous linewidth. The
following paragraphs will make use of the relations shown here to describe the

transition rates that produce gain and spontaneous emission in SOAS.

Emission and absorption rates

Stimulated emission and absorption may be understood as the coupling of a
electron state and a hole state via an external optical field. Spontaneous emission can
then be understood as the coupling of the same states in the absence of an externa
field, or in the presence of a vacuum field. Thisis probably best represented through
Einstein’s approach to emission and absorption of light by atoms (see, for example,
[1] pp. 462-465). According to Einstein’s theory, the stimulated emission rate Ry em,
stimulated absorption rate Rg.ap and spontaneous emission rate Ry, expressed in units

of inverse of volume and time, are given respectively by
Ryem(M) =W (n)B,r, (M) f (1- f,)hdn (A5),

Ry (M) =W (n)Byr, (M) f,(1- f.)hdn (A.6),
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Rsp(m):Amrr(m) fo(1- f,)hdn (A7),

where W(n) is the radiation energy density per unit volume and per unit energy,
r(hn) is the semiconductor reduced density of states or density of state pairs at
energy difference hn, f. is the probability of occupancy of a state in the conduction
band and f, the probability of occupancy of a state in the valence band. Note that
(A.5)-(A.7) express the emission and absorption rates for photons whose energies lie
in an interval hdn centered at hn. The total emission and absorption rates are
calculated by integration over the amplifier bandwidth of (A.5)-(A.7). The
spontaneous emission rate is usually expressed as a spectral density of spontaneous
emission, in units of inverse time, inverse volume and inverse energy, i.e., what is

sometimes given as the spontaneous emission rate is actually Rgp,(hn)/(hdn).

The coefficients A»1, B>1 and By, arereferred to as Einstein’s A and B coefficients.
Assuming thermal equilibrium in the material, they are found to be satisfy the

following relations:
B,=B,°B (A.8);
Ay =ry(n)mMBe A (A.9).

For a monochromatic input field at frequency no, and with a spatial photon

density N,, the radiation density can be written as
W(n)=mgNd (v-ng) (A.10),

which results in a photon generation and absorption rates via stimulated transitions of
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Ry.en(Mg) =mgNhBr () f. (1- f,) (A.11),
Re.an(Mo) =mMgN hBr (o) f, (1- f.) (A.12).

The spontaneous emission rate per unit volume and time, for an energy interval of

width hdn around hng is given by:

ro(no) MehBr, (M) . (1- f,)dn
— ro(no

Np

R (Mo)

(A.13).

S~—

Ry em (Mg)dn

The spontaneous emission rate is then equal to the stimulated emission rate that
would occur when the input radiation present be equal to the blackbody radiation.
This allows for a simple representation of the spontaneous emission contribution to

the total radiation, which will be described in the next section.

Finally, note that we can write the optical intensity (power arriving per unit of
cross-sectional surface) as Npvg, in units of photons per unit time and area. This

allows us to normalize both stimulated transition rates to the optical intensity, by

defining
m
)= R INE ) e
P g g
0]
ew) =R MINE ) s,
p g 9

Note that rgem and rgan depend only on the material characteristics, the electrical

carrier concentration and the frequency of the incoming radiation, but not on its
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power. Using (A.13), we can rewrite the stimulated emission rate normalized to
optical intensity as

Rien(M) - Ry(M) he? Ry (M) (A.16).

vgN,  vgro(m)an :8pn2nz han

rg.em(n) =

As we will show in the next paragraph, r«em(n) can be used to fully describe the
spontaneous emission power density added per unit length in an SOA. Equation
(A.16) is aso important since it allows us to find the stimulated emission rate
normalized to optical intensity from the spontaneous emission rate. The latter may be

calculated from first principles for amplifier active regions.

The relations drawn in this paragraph between stimulated and spontaneous
emission rates will be next used to find the relations between optical gain and added

spontaneous emission in SOAS.

Optical gain and amplified spontaneous emission power

In this paragraph, we will show the relations existing between the optical gain that
an input signal will experience in an SOA, and the optical power that is generated in

the same SOA, in the form of amplified spontaneous emission (ASE).

Let us consider a semiconductor region of length Dz and cross-section surface S,
Let us assume that, during a time interval Dt, monochromatic radiation at frequency
np, with constant optical power Pi, is coupled into this semiconductor region,

traveling longitudinally, as shown in figure A.2.
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Figure A.2: Schematic representation of a semiconductor active region in an SOA of
cross-sectional surface S and length Dz. P, and P, are the input and output optical
powers. The effect of the semiconductor in terms of gain and ASE generation is
determined by the stimulated emission and absorption rates normalized to optical
intensity, rgem and rgap, in that region, and by the overlap Gof the guided mode with the
activeregion.

Let us assume that the time interval Dt is chosen such that Dz=vyDt, vq being the
group velocity of light. The photon density present in the semiconductor region is

then given by:

1 G _ Gy

5= (A.17).
Sbz m,  Mmg,S

The transverse gain confinement factor Gis introduced to account for the fact that
only a fraction G of the total photon number from the guided radiation actually
overlaps with the amplification region. If Dz is small enough that each photon may
participate in at most one stimulated transition, the total net variation of the optical

power due to stimulated emission and absorption will be given by

Pout - Rn =m éRaem(mO) - Rst,ab(mO)BSDz (A-18)-
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Defining the material gain g(n) as the relative optical power variation per unit

length, and letting Dz tend to zero, we find that

g(no) = lim Pat = P — Reem(Mo)- Rean (Mo)
e b NpV (A.19).

pVg
=T em (no) - Tg,ab (no)

The confinement factor in the denominator is introduced to obtain a result that
depends only on the material, independently on the amount of overlap that a

particular mode may have with the semiconductor active material.

Let us now consider the spontaneous emission power generated in the same
semiconductor region during the same time interval, and in a frequency interval dn
around a given frequency n. The fraction of this spontaneous emission power that

will be coupled into a mode propagating along the amplifier is given by
b ,R, (M) SDz= MGy o (n) Dzcn (A.20),

where we have made use of (A.1), (A.3), (A.13) and (A.14). The spectral density of
spontaneous emission coupled into an amplifier waveguide mode per unit length will

be denoted by ps=(n), and can therefore be expressed as

Pase (N) =MGrg g (n) (A.21).

Let us furthermore denote the position-dependent optical power spectral density at

frequency n as popt(z,n). Its evolution along an SOA may be calculated by combining
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the amplification of already existing power, together with the spontaneous emission

of new power:

dpopzj(zz,n) =Gg(n) po (2 + Pee () (A.22).

This equation is obviously valid even if the gain, the spontaneous emission and
the confinement factor are position-dependent along the amplifier. The initia

condition for this equation is obviously given by
Popt (O,I’]) =h.R.d (n - no) (A.23),

where we assume that the input is a monochromatic field, with an incident power Pj,
at frequency no. hcisthe fraction of the incident power that gets effectively coupled
into the mode propagating along the SOA. When gain, spontaneous emission and

confinement factor are position-independent, the solution of (A.22) iswritten as

_ .Gan) i Ig,em (M) 5. Go(n)z ()
Popt (zN) =€2"*h Ryd (n - np) +m 10 Ce i (A.24).

The first term in the right hand side (RHS) of (A.24) is obviously the result of the
amplification of the input signa. The second term describes the ASE power
generated by the amplifier. The total gain G(ng) experienced by a monochromatic
signal of frequency no inside an SOA of length L, neglecting input and output

coupling coefficients, is

G(no) = %0l = gCBxm(Ne)- Tean(o)e- (A.25).

387



The total ASE power Pass produced by the same amplifier can be found by

integrating the ASE spectral power density:

fg.em(n)
g

()

At this point, it is interesting to define the spontaneous emission factor or

Pae = (N €G(n)- 1gdn (A.26).
population inversion factor Ny, as

_ Ry em _Tsem

™ Ry Rew O

(A.27).

Note that, a priori, ng, is frequency dependent. We may assume, however, that the
amplifier gain is flat and ng, is constant across its optical bandwidth Dn, centered

around ng (flat-band approximation), which allows us to rewrite (A.26) as
Thisresult isawidely used approximation.

In the previous analysis, we have neglected optical loss due to phenomena such as
scattering, free-carrier absorption or stimulated absorption other than in the active
region. When lossisincluded, (A.22) needs to be rewritten as

dpgee (ZN) _ .

e (1) - g (0)- 1 () + e ) (129)
where | is the optical loss per unit length. It is, in genera, close to frequency-
independent in the bandwidth of typical SOAs. In most cases, amplification as high

as possible is desired. The loss is therefore kept at a minimum, and (A.28) is a good
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approximation. However, in the case of TAP detectors, where the optical power is
kept close to constant along the device (i.e., G- 1 is much smaller than one and (&g- 1)
is much smaller than rgem), that approximation is not valid. This consideration will

be important when analyzing the properties of TAP detectors.

In conclusion, this paragraph has shown how the materia gain and the
spontaneous emission added to the amplifier guided modes are related between them
and to the stimulated emission and absorption rates per unit length normalized to
optical intensity. These relations are widely used throughout this dissertation to

calculate the efficiency and noise characteristics of TAP detectors.

Competition between signal and amplified spontaneous
emission

Amplification of optical radiation results in the annihilation of electrical carriers
through stimulated recombination. In an SOA with constant pumping, an increase in
the input optical power results in alower carrier density, and thusin alower gain. In
that sense, given an SOA with constant pump current, i.e., a constant electrical carrier
generation rate, there is a maximum available optical gain. The input signal and the
ASE compete for this available gain, in the sense that every stimulated emission
reduces the probability of other photons to be amplified. Thisresultsin alower ASE
generation in the presence of a higher input signal. In TAP detectors, this effect
proves to be very important, as discussed theoretically in chapter 2, and shown

experimentally in chapter 7. In this section, the competition between signal and ASE
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for the available optical gain will be discussed. First, the dependence of the carrier
concentration on the optical power will be established. As the optical signal evolves
in an SOA, this results on the need to define a position-dependent carrier
concentration, and therefore position-dependent optical gain and spontaneous
emission. Moreover, the carrier concentration will be shown to depend also on the
input optical power. The saturation of the gain will be found to be a consequence of
the mutual dependence between carrier concentration and optical power. Next, a
method used successfully in the past to model this phenomenon will be presented. A
variation of this method is used in this dissertation to treat the effect of competition
between gain and ASE. Findly, the competition between the signal and the
spontaneous emission for the available gain is described in terms of the saturation

power of the amplifier.

Carrier density and local optical power

The optical gain in the active region of an SOA is known to depend on the carrier
density. Reciprocally, the local optical power may affect the carrier concentration at
a given position of the amplifier. This is best understood when the different
processes that affect the carrier concentration are considered. They are schematically

represented in Figure A.3.
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Figure A.3: Processes affecting the carrier concentration in the active region of an
electrically pumped SOA.

The condition for equilibrium between the different processes may be deduced

from the classical carrier density rate equation (see, for example, [1], pp. 186-187):

hil _
v = Rt (Rean~ Ra) (A-30).

In (A.30), | is the current pumped into the active region of volume V. h; is the
injection efficiency, i.e., the fraction of current carriers that arrive into and recombine
in the active region. Other current carriers will either leak through it, or be captured
into the active region and then thermionically emitted. The spontaneous and
stimulated emission rates have been discussed previoudly in this appendix. Finally,

the non-radiative recombination rate may be written as

R,=AN+CN?® (A.31),
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where N is the carrier density in the active region, and A and C are phenomenol ogical
coefficients. The first term in the RHS of (A.31) accounts for defect-assisted carrier

recombination. The second term accounts for recombination due to Auger processes.

Let us now assume that the carrier concentration N is known at a given position in
the amplifier when a certain optical power is present at that position. As this power
increases, the stimulated emission term in (A.30) will increase. |If the current injected
remains constant, the spontaneous emission rate and the non-radiative recombination
rate must be lower so that the equality still holds. Therefore, the carrier concentration
must be lower. As a consequence, larger input optical signals will experience a
reduced gain, leading to saturation of the amplifier. Moreover, the carrier
concentration will be position-dependent along the amplifier, being lower where the

local optical power ishigher. Thissituation isexpressed schematically in figure A.4.

carrier concentration N

- ~~a_
—

,><.: backward-
~-Jropagating ASE
D S

e
T~ e
R DR 2
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0 position z L

Figure A.4: Carrier density (dashed line), amplified input signal power (full line) and
ASE (dash-dotted line) in an SOA. The spatial evolution of the optical power resultsin
position-dependent carrier density and gain. Higher local optical power resultsin lower
local carrier density, because of a faster electron-hole pair recombination rate.
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Position-dependent gain and spontaneous emission rate must therefore be defined
in (A.22). This equation and (A.30) form a system that needs to be self-consistently
solved. Note that this system needs to include also the effect of the back-propagating
ASE, o in fact there are two equations of the form of (A.22) that need to be satisfied:
one for the signal and forward-propagating ASE, one for the backward-propagating

ASE.

The fact that the gain may locally be depleted due to a decrease in the carrier
concentration is usually referred to as spatial hole burning. There is an additional
complication, which appears when the local optical power reaches very high values.
The stimulated recombination rate may be high enough that the carrier lifetime
approaches the carrier relaxation time. The electron population or the hole population
will be out of equilibrium in such a situation. Strong monochromatic radiation may
deplete the occupied €electron-hole pairs that would produce emission in the
neighborhood of its frequency, leading to a more drastic reduction in the gain for a
certain range of wavelengths. This phenomenon is called spectral hole burning. All
throughout the dissertation this effect will be neglected, and the electron population
and the hole population will be assumed to be, each one of them separately, awaysin

equilibrium.

In conclusion, it has been shown in this paragraph how the accurate description of
the effect of the saturation in the behavior of an SOA requires the definition of
position-dependent carrier concentration. This results obviously in the gain and

spontaneous emission depending on position too. As a consequence, two eguations
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need to be solved consistently together. One of them, which needs to be satisfied for
all positions in the amplifier, expresses the equilibrium between carrier injection and
annihilation processes. The second one is the equation describing the evolution of the
optical power, but using this time position-dependent gain and spontaneous emission
rate. In the next paragraph, we will describe a method successfully used in the past to

solve these equations.

Calculation of the amplifier gain in the presence of saturation

As discussed in the previous paragraph, the carrier density at a given position in
an SOA depends on the local optical power. Two equations need to be solved
together, one expressing the evolution of the optical power, another the equilibrium in
the local carrier density. The latter needs to be solved for al positions in the
amplifier. In general, the system formed by both cannot be solved self-consistently in
a closed form, and numerical computation is necessary. In this section, one method
successfully used in the past to solve this system will be presented. This method is
based on dividing the amplifier in a number of longitudinal sections, and assuming
that the carrier concentration, and thus the gain and spontaneous emission, are

constant in each section, as expressed in figure A.5.
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Figure A.5: A semiconductor optical amplifier may be divided into a number M of
sections. Thecarrier concentration may be assumed to be constant in each section. The
gain and spontaneous emission rate are ther efore constant in each section too.

Using this constant gain and spontaneous emission, the evolution of the signal and
the forward- and backward-propagating ASE may be expressed as a function of the
carrier density vector (N;) and the input power Pi,. The system of equations to be
solved becomes a system of 3M equations, where M is the number of sections. For
each section, one equation expresses the equilibrium in the carrier concentration, one
the evolution of the forward-propagating optical power (taking into account both
signal and ASE) and one the evolution of the backward-propagating optical power
(ASE only in most cases). The pump current for each section may be assumed to be
I/M if all sections have the same length. This method shows quick convergence as
the number of section increases (see [3]), and constitutes a great simplification from
the origina problem, where the carrier concentration equilibrium equation needed to

be solved for all positions.

A numerical method that allows the competition of ASE and signa for the
available gain to be taken into account quantitatively has been briefly presented. A
variation of this method is used in chapter 2 of this dissertation to describe the effect

of this competition in TAP detectors.

395



Saturation power

The competition for the available gain is usualy described in terms of the
saturation power Pgy of the amplifier, as an alternative formulation not requiring the
use of the carrier density rate equation. Let us consider equation (A.30) under the
assumption that the pump current is constant, and variations in the carrier density are
produced only through changes in the local optical power. We may therefore assume
that the gain is a function of the local optical power only, the carrier density being an
intermediate variable that depends on the photon density. Under these conditions, the
derivative of the RHS of equation (A.30) with respect to the carrier density will be

Zero, since we are assuming a constant pump current:

1
1 &dN O
— +VvgaN, +Vv40 =0 (A.32),

Uon gmpé

where the differential carrier lifetimet py and the differential gain a are defined by

1 =d(R”r+R*’) (A.33)

t on dN T
_dg

= (A.34).

Note that, in principle, these quantities are carrier density-dependent, since neither
the gain nor the non-radiative and spontaneous recombination rates are perfectly
linear with the carrier density. Applying the chain rule, we may now describe the

variations in the optical gain induced by changes in the local optical power:
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d9 _dgdN_dN_ 9 (A.35).
dN, _dNdN,  dN 1

p N, +
vgat DN

p

Equation (A.35) may be integrated by separating the terms containing the gain

and those containing the photon density:

5
: (A.36),

where g is the unsaturated value of the optical gain, valid for very small optical

powers. Using now equation (A.17), we may write

_ % - 9%
g= - (A.37),
Psat

where the power for which the local gain fallsto half of its unsaturated valueis

5 - MeS

sat
Gyt o

(A.39).

This saturation power depends thus on the characteristics of the amplification
material (through the differential carrier lifetime and the differential gain), on the
dimensions of the active region (through its cross-sectional surface) and on the
overlap of the mode with it (through the confinement factor). Note that, in principle,
the saturation power depends on the local bias point of the amplifier, since as
mentioned earlier, and though treated as constants in the integration of (A.35), the

differential carrier lifetime and the differential gain depend on the carrier density.
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Equations (A.37) and (A.38) provide therefore a phenomenological description of the

amplifier saturation without the use of the rate equation.

In summary, this appendix has discussed the background necessary for the
analysis of optical gain and ASE generation in SOAs, both conceptually and
mathematically. The information contained in this appendix is used widely
throughout the dissertation as a starting point to describe the behavior of TAP

detectors.
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APPENDIX B

Representations of the propagation
characteristics of a microwave transmission line

The propagation characteristics of a microwave transmission line may be described
mathematically through severa different formalisms. In this dissertation, two of such
formalisms are used: the current-voltage transmission matrix or ABCD matrix, and a
description that uses both the characteristic impedance and the microwave
propagation coefficient g In this appendix, the relations between the two
representations will be shown. Special attention will be given to the current-voltage
transmission matrix in the case of periodic transmission lines, which is used in the
dissertation to describe the high-speed behavior of TAP detectors with alternating

gain and absorption.
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Propagation in microwave transmission lines

High-speed electrical signals are affected through several phenomena as they
travel in microwave transmission lines. The effects of these phenomena may be
grouped in three different results, namely attenuation, delay, and reflections at
discontinuities or at transitions between lines of different characteristics. The
characteristics of the transmission line may be represented in different ways. A more
direct representation of the actual attenuation and delay is provided by the microwave
propagation coefficient g Together with the characteristic impedance Z, this fully
describes a homogeneous transmission line. When the complexity of the transmission
line increases, different approaches may be used. A transmission line may be viewed
as a junction with two ports, both serving simultaneoudly as input and an output. Its
characteristics may then be represented by a scattering matrix, i.e.,, a matrix that
relates the outgoing electrical signals at each port to the incoming excitations (see for
example [1], pp. 248-57). Transmission matrix formalisms are also possible. Their
main virtue is that the physical juxtaposition of transmission lines may be represented
mathematically by the ordered product of their corresponding transmission matrices
(see for example [1], pp. 257-60). This alows for easy calculations of the
characteristics of complex transmission lines. In this section, two different
formalisms used to describe the characteristics of microwave transmission lines will

be briefly introduced, as well as the relations between them.
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Propagation coefficient and characteristic impedance

Let us consider a homogeneous transmission line of length L along the z direction,
extending from z=0 to z=L. Electrical signals traveling in it may be described as
forward- and backward-propagating voltage and current waves. An analysis of a
transmission line, using Maxwell’ s equations, allows us to write the relations between
such voltage and current waves as (see, for example, [1] chapter 3)

Viwa (2) _ Vou (2)

oo (D) Toa(2) -

(B.1),

car

Vi (2) _ Voo (L= 2) _ gz B.2
Vde (0) Vbck(l‘) ° ( | )

Zcar IS the characteristic impedance, and g=atjb the complex microwave
propagation coefficient, where a and b are real numbers. In general, both Z.,, and g

are frequency-dependent.

The loss coefficient a describes the attenuation per unit length that a current or
voltage wave traveling aong the transmission line will suffer. The dispersion

coefficient b isrelated to the phase velocity v, via

(B.3),

<
Il
o|=s

where w is the angular frequency. In general, this parameter will also be frequency-

dependent. The group velocity vy, defined as the velocity at which a pulse consisting
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of a very narrow band of frequency components propagates, is found to be related to
the dispersion coefficient b through the equation

o1
A =§—Vt;§ (B.4)

The microwave propagation coefficient describes thus the attenuation and delay
suffered by an electrical signal propagating in a transmission line. The reflections
between different transmission lines are related to the characteristic impedance. Let
us now consider the boundary between two transmission lines of respective
characteristic impedances Z.qr1 and Zcr 2, as shown in figure B.1. Let us assume that
an electrical signal travels from the former to the latter. The incoming current wave

will be represented by lwg1, the reflected current wave by lye1, and the transmitted

current wave by lsg.2.

Zearn
w1 | Zear2
> lfwe,2
ook 1 >

Figure B.1: Interface between two transmission lines of different characteristic
impedance. Incoming and outgoing current waves ar e shown.
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Conservation of voltage and current at the interface between two different
transmission lines of characteristic impedance Zcyr1 and Zea 2, respectively, ensures

that the current transmission and reflection coefficients, T and G, are given by

| 27

T - de,2 - Car,l (BS),
lwdr  Zear2 tZeara
I Z -Z

G= bck,1 — car,2 car,l (B6)

ltwd:  Zear2 ¥ Zeara

The reflection coefficient for the voltage wave is the same as the current wave

reflection coefficient, but the transmission coefficient for the voltage wave is given

by

i Va2 _ 22y

- (B.7).
Vivdr  Zear2tZeara

In this dissertation, the main concern is the propagation of the photocurrent

generated in TAP detectors. Hence, equation (B.5) will be used.

Thus, between the microwave propagation coefficient g and the characteristic
impedance Zg, atenuation, delay and reflections in transmission lines may be
described. As the complexity of the transmission line increases, and different
sections with different characteristics are present, the calculations shown above
become quite cumbersome. Other formalisms may be then more useful, as it will be

shown in the next section.
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Voltage-current transmission matrix (ABCD matrix)

Transmission matrix-based formalisms have the advantage of alowing easy
calculation of the characteristics of a complex transmission line presenting several
different sections. One example is the voltage-current transmission matrix or ABCD
matrix (see, for example, [1], pp. 257-259). Figure B.2 shows the ABCD matrix
representation of a transmission line. The matrix elements describe the relation

between voltage and current waves at the input as a function of current and voltage

waves at the output.
Iin Iout
—> —>
® ®
wint_j_#\ Bwoutc)
Vin Vou gling gc D%'outa
o ®

Figure B.2: Current-voltage matrix representation of a transmission line, showing
voltage V;, and incoming current |;, at the input and voltage V,,; and outgoing current
I out @t the output.

The voltage-current transmission matrix is then defined as

wlno_% Bwouté

o ou 9 (B.9).
glinﬂ gC D%'outﬂ

Note that both currents are taken in the same direction, i.e., incoming at the input,
outgoing at the output. Thus, the ABCD matrix of two transmission lines is the
product of the ABCD matrices of both transmission lines, ordered from the input to

the output of the ensemble. Let us now consider a homogeneous transmission line of

404



length L along the z direction, with input at z=0, output at z=L. As before, we can
define forward- and backward-propagating voltage and current waves. Their relation

to the input and output current and voltage are given by

Vin =V (0) +Vau (0) (B.9),
Vout =Viwg (L) +Voue (L) (B.10),

lin =1 g (0) - Tpe (0) (B.11),
lout =1 wa (L) - Tpac (L) (B.12).

Using (B.1) and (B.2), we can readily find the relation between the ABCD

parameters and the propagation characteristics of the transmission line:

A BS ge cosh(gL)  Zg sinh(gL)

&C Dg: éisinh(gL) cosh(gL)

- O

(B.13).

Q.I. .I.

Note that, independently on the characteristics of the line, this matrix always has a

determinant equal to 1, and itsinverseistrivialy found to be

.1 @ cosh(gL)  -Zg sinh(gL)o

@ BO ¢ - i (B.14).
§C Dy & ——snh(gL) cosh(gL) i
Zcar g

The voltage-current transmission matrix has thus been introduced, and when
describing a homogeneous transmission line of length L, its value has been related to

the propagation characteristics of said line.
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In conclusion, we have introduced in this section two different formalisms to
describe the properties of microwave transmission lines. The relation between these

formalisms has also been shown.

Voltage-current transmission matrix for periodic transmission
lines

In this section, the voltage-current transmission matrix formalism used in the
dissertation to model the behavior of TAP detectors with aternating gain and
absorption will be introduced. Since such devices present a periodic geometry, the
particular case of periodic transmission lines will be studied. We will show how,
knowing the ABCD matrix of a unit cell, the characteristics of the transmission line

may be calculated (see, for example, [1] pp. 522-557).

Let us consider a periodic transmission line of period length L. Figure B.3 shows
how the voltage and current at a given node in between periods may be related to the
voltage and current at an adjacent node. This allows us to treat the problem of

finding the characteristics of the full transmission line as an eigenvalue problem.
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Figure B.4: Schematic representation of a periodic transmission line, showing voltages
and currents at two adjacent nodes. Therelation between these voltages and currentsis
given by the equation that accompaniesthe figure.

We will make no a priori assumptions about the transmission matrix of each
period. As such, if each period is not homogeneous, writing the ABCD matrix
associated to each one of them in the form (B.13) may not be possible. Using from
one side the relations between voltage and current through the ABCD matrix, and
from another the fact that, if a propagating wave exists, then an effective propagation
coefficient g exists such that Vi:1=Vee ¢ and 1n:1=1,6 &, we can write

@A Bod¥,,0_a,6_® 0 0,06

> == == T = (815)
S Dliug &g go &agln+1ﬂ

It becomes obvious that r=e* is an eigenvalue of the transmission matrix. For
non-trivial (non-zero voltage and current) solutions to exist, such eigenvalue needs to

satisfy
r?-(A+D)r +AD- BC=r?- (A+D)r +1=0 (B.16).

We have used that, for reciprocal transmission lines, regardless of any other

consideration, the determinant of the voltage-current transmission matrix is dways 1.
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The product of the two roots of (B.16) is 1. Therefore, if one of them represents €%,
the other one will be €%, and half their sum will be in any case equal to cosh(gL).

But the sum of both rootsis A+D, and it is then obvious that

cosh (g ) = A;D (B.17).
The characteristic impedance may be found to be
\Y/ B _&-D
Zy =21 = = B.18).
“ In+1 eg_ - A c ( )
Note at this point that, if A=D=cosh(gL ), then
inh
__ B _smh(d)_|[B (B.19).

Zou ~sinh(g.) C C

But since the transmission line is reciprocal, BC=AD- 1=sinh*(gL ) is ensured, and
there is no uncertainty about the value of the characteristic impedance. However, if

AL D, two possible values exist for e, and therefore for Za:

g -A*D, [@A*DO (B.20).
2 & 2 5
2
A-D 1 |sA+D9o
Z. = += 9.1 B.21).
@ oc Tc\& 2 (B.21)

In a passive waveguide, |e*|E1. This alows us to choose the correct pair of

values from the previous two equations. Since A and D are complex, it cannot be
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known a priori whether the correct sign will be plus or minus. Indeed, the correct

choice may depend on frequency.

It is therefore convenient that A=D in order to avoid that uncertainty, and this is
always true for any geometrically symmetric waveguide. This condition for A=D is
sufficient, but not necessary. We will choose the starting and ending point of the
period such that the period is geometrically symmetric whenever possible, and in that

case, use (B.17) and (B.19) to calculate the characteristics of the transmission line.

It has thus been shown how the microwave propagation coefficient and the
characteristic impedance of a periodic transmission line may be calculated knowing
the voltage-current transmission matrix associated to one period, and that in order to
avoid uncertainties in the values found, unit cells presenting a voltage-current

transmission matrix satisfying A=D are helpful.

This concludes the presentation of the voltage-current transmission matrix or

ABCD matrix as a useful tool to analyze non-homogeneous, periodic waveguides.
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APPENDIX C
Noise properties of photodetectors

Photodetection in semiconductor materials is a quantized process, where a photon is
absorbed, generating a free electron-hole pair. This electron-hole pair is then
collected by the application of an external or a built-in field, generating a current,
generally across a diode. The nature of the absorption process directly relates the
statistical properties of the photocurrent thus generated to those of the incident light.
Probably the best way to describe the relation between the statistical distributions of
light and current is Bernoulli’'s sampling formula. Using this formula, the
repercussions of the nature of the photodetection process in the statistics of the
generated photocurrent will be presented in this appendix. Furthermore, the
description provided by the noise model for distributed amplifiers photodetectors will
be shown to be, in the limiting case where no light amplification processes are
present, fully equivalent to the description provided by Bernoulli’s sampling formula.

Thisisrelevant since the new noise model in the presence of distributed amplification
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and photodetection needs to be consistent with previously existing, well established

noise models.

Bernoulli’ s sampling formula

Light absorption in semiconductor-based photodetectors is a quantized process.
The photodetection quantum efficiency h may be used to relate the statistical
properties of the generated photocurrent and the incident light. Thisis best described
by Bernoulli’s sampling formula. In this section, this equation and its intuitive
meaning will be presented, as well as its description of the noise properties of

photodetectors.

The source of noise in photodetectors is related to the quantized nature of the

absorption process, asillustrated in figure C.1.

electrical output

>
[ ] oo L

AV WV W Ve W Vo W e Va Wi Va Vo Ve WEa Vo W detector
>

optical input

Figure C.1: Representation of the noise added by a photodetector. A “quiet” stream of
photons produces a “noisy” output current due to the randomness in the absorption
process. Theinput photons are represented by wiggly arrows, and the output electrons
by dots.

Figure C.1 shows how, even if there is very little noise in the optical input, if the

detector efficiency islessthan 1, noise will be added, because of the random selection
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of the photons that produce photocurrent electrons. Moreover, even if the average
efficiency is known, there is a probability that the actual efficiency for a given photon
stream will be different. For example, even if exactly half of the photons depicted in
figure C.1 produced an electron, the average efficiency could be different than 50%.
Therefore, noise is added both by the uncertainty in the number of output electrons
given a certain number of input photons, and by the random selection of photons that
generate a contribution to the output photocurrent. These two effects are direct

conseguences of the quantized nature of the photodetection process.

Let us now consider a photodetector with quantum efficiency h. Intuitively, this
means that a photon of incident light has a probability h of generating one electron-
hole pair that will be collected, adding to the total device current, and a probability
1- h not to. The latter case may happen, for example, when the photon is not coupled
into the device or is victim of optical loss, when it exits the device without being

absorbed or generates an electron-hole pair that is not collected.

During a given time interval, let us cal P, the probability of exactly n photons
arriving to the detector, and P',, the probability of exactly m electrons being
contributed by these photons to the output photocurrent. These probabilities are

related through Bernoulli’ s sampling equation (see, for example, [1], p. 156)

3
P'm=a

an ) m n-m
h™(1-h)""P
n:mgmﬂ ( )

n

(C.D),

where
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ano_ n!

&my m!(n- m)! (€2

is the number of ways in which we can choose m elements out of a set of n identical

ones.

Intuitively, (C.1) describes that, when n photons enter the device, m electrons of
photocurrent will be generated if exactly n- m photons do not generate electron-hole
pairs that are collected. The combinatorial number expresses that any subset of
exactly m photons (out of the incoming n) are suitable to generate electron-hole pairs
with equal probability. The sum is carried out for all photon numbers larger than the
expected electron number, since obviously in detectors without gain no more
electron-hole pairs may be generated than input photons. It is noteworthy that, when
the efficiency is 1, the output electron statistics are identical to the input photon
statistics.  Obviously, there is no added uncertainty introduced by an ideal detector
where every photon generates an electron-hole pair, if the latter is always collected.
Another property of passive photodetectors, i.e., light with Poisson statistics produces
photocurrent following also Poisson statistics, can be easily proved from (C.1). Input

light with Poisson statistics is described by:

p =M (mp)” (C3).

The output electron statistics are then described by:
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g1- h)<np>8 (C.4),

I.e., the output photocurrent presents also Poisson statistics, with average an electron

number h times the average of the input photon number.

This makes perfect sense intuitively, since the Poisson distribution describes the
statistics of a stream of photons whose arrivals are independent on one another.
Random detection of a fraction of those photons will therefore produce also a stream

of electrons whose arrival instants will be independent on one another.

Let us now consider a light input with arbitrary, but known, statistics, and a
photodetector with quantum efficiency h<1. The full statistics of the generated
photocurrent may be calculated using (C.1). It may be, however, a tedious process.
Possibly, the best way to breach the gap between photon and electrons statistics is by

means of the following polynomials:

Qu [] =%L-)l(x- k) =x(x- 1)...(x- N+1) (C.5).

k=0

We may think of them as the eigenfunctions of the probability distribution
transformation expressed by Bernoulli’s sampling formula. Indeed, the expectation

value of these polynomials, expressed as a function of the electron number, is equal to
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a constant times the expectation value of the same polynomial, expressed this time as

afunction of the photon number:

n

<QN[ne]>=§QN[m]P-m:§§ [m]g "1 n) "

n=0m=N
“h" 3 Qu[n]P, g‘; ol ‘_’hm N(1-h)"" (C.6).
n=0

=h NS a QN [n] Pn =h N <QN g.'pE|>
In the previous derivation, we have used the following obvious relations:

n'=Qy[n](n- N)! (C7);

g’{g‘“ N (1) " = g+ (1 h)g N =1 (C8).

m=N ﬂ

Using (C.6), the average value and the variance of the input photon population

and of the output electron population are found to be related through the following

equations:
ne) =(Qu[re]) =h (Quéop) =h (my) (C9)
so”=(n)- (n)? = (Qu[ne])+(ne)- <ne>2
(C.10).
:h2<Q2gan>+h<np>-h (n ) =h%, ?+h(1- h)(n,)
The noise figure NF of a photodetector can therefore be expressed as:
NF = Rn _<”p>25"e2 :1+(1'h)<np2 (C.12).

NR, ¢ (ne>25n2 h s,

P p
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In conclusion, Bernoulli’s sampling formula has been presented in this section,
showing its mathematical description and its intuitive meaning. As an example, two
of the common properties of photodetectors (output photocurrent statistics are
identical to input light statistics for ideal detectors with unit quantum efficiency, and
light with Poisson statistics produces photocurrent with Poisson statistics) have been
shown by means of this formula.  Furthermore, the use of suitably defined
polynomials has been shown to simplify finding the output current statistics as a

function of the input light statistics.

In the next section, the correlations existing between electron and photon numbers
in a distributed photodetector will be explored. It will be shown that Bernoulli’s
sampling formula implicitly takes these correlations into account. It will aso be
shown that, on the other hand, these correlations need to be explicitly considered in a
noise model for devices presenting a distributed combination of optical gain and

absorption.

In the final section, and using the polynomials Qn[X] introduced above, it will be
shown that the noise model for distributed amplifier-photodetectors presented in this
dissertation, in the absence of light amplification, is equivaent to Bernoulli’s

sampling formula.
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Correlation between photon and electron numbersin
photodetectors

The generation of photocurrent is produced by the absorption of light, one photon
at atime. Thisintuitively involves that a correlation will exist between the electron
count in the produced photocurrent and the photon count in the remaining optical
signal. Optical loss reduces the photon count without adding to the photocurrent.
Other processes, such as the absorption of a photon generating an electron-hole pair
that is not collected, may create the same effect. We may therefore think that these
processes may alter this correlation existing between the electron number generated
and the surviving photon population. However, it will be shown in this section that
Bernoulli’s sampling formula implicitly takes into account the effect of all the
phenomena above, from the correlation between electrons and photons due to the
nature of the absorption, to the processes that alter the photon number but not the
electron number. Intuitively, this may be explained by the fact that optical loss and
photodetection are in nature random selection processes, and thus their combination
in any order results also in a random selection. Other processes of different nature
would however introduce changes in the correlation between electron and photon
statistics. As a consequence, the effect of additional, non-sampling processes (such
as optical gain) needs to be explicitly taken into account in a model describing the

noise properties of a device featuring other than absorption and loss.
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In order to show all of the above, we will consider the sequential action of two
lumped, lossless photodetectors, such that the input of the second one is comprised of
the photons remaining after absorption in the first one, after these have suffered
optical loss between both detectors. The resulting effect of the ensemble may be
described by Bernoulli’'s sampling equation, where the total efficiency is

appropriately chosen. This situation is expressed schematically in figure C.2.

le Pllllm'
—> —>
L [

detector 1 N, optical loss N, detector 2
h, —> he —> h,

P P"n. Pllln"

Figure C.2: Evolution of photon and electron numbers through two photodetectors of
efficiencies h; and h,, with optical loss between them. The wiggly arrows represent
photon streams, and the dots electron streams. The probability distribution for particle
counts at each point isindicated.

Figure C.2 shows two photodetectors, with efficiency h; and h, respectively. In
between, optical loss exists, so that each photon that is not absorbed in the first
detector has a probability h. of being coupled into the second detector. We will
assume that a photon stream presenting a known but arbitrary probability distribution
is the input of the ensemble. We will denote by P,, P" the statistics of the optical
input, and by P, P™y the statistics of the electrical output, of the first and second
detectors, respectively. Bernoulli’s sampling formula may be applied to each of these

detectors:
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P'n=a gmm (1-h)" "R (C.12);
n=m (%]
m — éé w ! m' n"-m' m
P = & ¢ =h," (1-ho)" P (C.13).
n"=m' 2

Furthermore, let us call P", the statistics of the optical output of the first
photodetector. If any photon has a probability h; of being absorbed, then it has a

probability 1- h; of not being absorbed, and thus

?9(1 hy)"h " P, (C.14).

3
P =&
n - ng

n=n

Finaly, the effect of the loss is described again as a sampling process of

efficiency h¢:

he" (1-he)" " P (C.15).

P llln" —

n

nr@hn

i an'

S

The probability that, simultaneously, m electrons are absorbed in the first detector
and n' photons exit it is given by the probability of m electrons being generated in the

first detector when itsinput is exactly equal to n+n' photons:

?n;” Gy (1 hy)" (C.16).

The expectation value of the product mn' of the photon number surviving the first

detector and the electron number generated in this detector is given by
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We can also find the expectation value of mand n', given obviously by &nfrh,énii

and &'fi=(1- h;)aA The covariance between mand n' may then be easily calculated:
S mo =(mMN")- (M)(n’) =hy (1- hy) & - (my (C.18).

In other words, unless the variance of the optical input of the ensemble presents a
variance equal to its average (which is a symptom of the input photons arriving
independently of one another), there will be a correlation between the electrons
generated in the first detector, and the photons surviving the absorption process, as
we intended to prove. This means, obviously, that the probability distributions P'y,
and P"; are not in general independent on one another. Thus, neither will be P', and
P" v, or consequently P, and P™. Let us now calculate the covariance of mand m,
and the statistics of the current flow resulting from adding the photocurrents from

both detectors, i.e., the statistics of m+m'.

The probability that the second detector will put out m' electrons may be
calculated as a function of the probability distribution of n' photons surviving the first

detector by combining (C.13) and (C.15):
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(C.19).
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In other words, the ensemble of the loss and the second detector behave as a
single detector of efficiency hohe. This makes perfect intuitive sense, since the
probability of each photon that survives the first detector to generate an electron in
the second detector is equal to the product of the probability of a photon that exits the
first detector surviving the loss, h¢, and the probability of a photon arriving to the

second detector actually generating an electron, h,, both events being independent of

one another.

Let us now assume that the input of the ensemble consists of exactly n photons.
The probability of generating m electrons in the first detector and simultaneously m'
electronsin the second is then equal to the probability of generating m electrons in the
first detector given that the input consists on exactly n photons, multiplied by the
probability of generating m' electrons in the second detector when the number of

photons that survive the first detector n' is exactly equal to n- m:

@O&lm

gmzg 2 (M) () (2-hh)™™" (C.20).

Equations (C.12) and (C.19) were used to find this value. In the case where the
optical input for the ensemble follows a probability distribution Py, the previous result

expressed in (C.20) needs to be multiplied by said distribution, and added over all
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values of n larger than m+m'. This produces the joint probability of the first detector
producing m electrons of photocurrent while the second one produces m', for any
arbitrary input statistics. We can use this value to calculate the expectation value of

the product mm':

g g g a 0a - MQ m n-m m' n-m-m'
mm") = mm' - 2 1-h h 1-h P
< > rgOmazo n:%m'gmﬂg m 261 ( 1) ( th) ( th) "
¥ n-1 =
]

hh.d PR3 aE:nfm(n- mh," (1- hy)"™ ™
n=0 m=1 (%]

¥ Ve ~
=y (1- h)hn & n(n- 2) Ry =hy (1- hy)hh §n?)- (n)d
n=0

(C.21).

The average value of m' may also be calculated, yielding an'fi=(1- hi)hzhai
Using this result, the average value of m calculated earlier, and (C.21), the covariance

of the photocurrents generated by both detectors may be found:
S mme ={(mMM"- (m){(m’) =h, (1- hy)hh, gs 2 <n)H (C.22).

Note that (C.22) and (C.18) together make perfect intuitive sense, since both
electron numbers, and the electron and photon numbers, are both uncorrelated if and
only if the input variance is equal to the input average. Otherwise, the degree of
correlation is the same in both cases:

Sm,n' _ Sm,m' _Sn2'<n>

(m(n) (m)(m)  (n)?

(C.23).
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In other words, excess noise in the input of the ensemble results in correlation
between the electron number generated in the first detector and electron and photon
numbers further down the ensemble. This result is only possible to obtain since all
the processes encountered were of a random sampling nature, i.e., they could all be
understood as random selection processes. |If instead of loss, a different, non-
sampling process were to take place between both detectors, the previous

mathematical manipulations would not be possible.

Let us finally calculate the statistics of the photocurrent resulting of adding the
electron streams generated by both photodetectors, which we will call P"y, where
M=ntm'. Obvioudly, if the input of the ensemble consists of exactly n photons, the
probability of the total photocurrent consisting of M electrons may be found by
adding (C.20) over al possible values of m (i.e, between O and M), after performing

the substitution m'=M- m;

§ anGeen- mo o n-m M-m n-M
- sh; (1-h h,h 1- h,h
ma:-ogmbgM “mgt (1- )" " (hche)™ 7 (2- hoh)

= oy 28 N (1= ™ @ (1 ) ()

(C.24).

Multiplying by the probability of the input consisting of n photons and adding

over al possible input photon numbers, we find:

.
Plw=8 2 ogn+(1-h)hh.g" @ hy- (1-h)hh g ™ P, (C25).
n=M gM 4]
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In other words, the total photocurrent has the same statistics as those generated
from the optical input by a photodetector of efficiency h,+(1- hi)hzhe. Now, thisis
of course the total probability of any input photon producing a contribution to the
total photocurrent. Therefore, we can calculate the average efficiency for the
ensemble, being equal to the efficiency suggested by (C.25). The statistics of the
total photocurrent generated by the ensemble are then found by using this efficiency

in Bernoulli’ s sampling formula.

We can then conclude that, as shown in this section, there is indeed correlation
between the photocurrent generated and the optical signal that survives the detection
process. These correlations are, however, taken into account implicitly in Bernoulli’s
sampling formula. The addition of loss, which is in nature a random sampling
process, just like absorption of light in detectors, preserves this correlation. The
distributed combination of absorption and loss generates thus photocurrent with
statistics that may be calculated using the DC efficiency value by means of
Bernoulli’s sampling formula, once the statistics of the input light are known. The
addition of a process of a different nature (e.g., optical gain from an SOA), would
result in Bernoulli’s sampling formula not being valid anymore. Thus, in the
presence of distributed amplification and photodetection, the correlation between
electron and photon numbers along the device need to be explicitly taken into account

in order to accurately calculate the statistics of the output photocurrent.

The noise model presented in chapter 4 expresses explicitly those correlations and

their evolution along a distributed amplifier-photodetector. However, when the
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optical gain and spontaneous emission are turned off, this new model should provide
the same results as Bernoulli’s sampling formula. This will be proved in the next

section.

Noise model for amplifier-photodetectors and its equivalence
with Bernoulli’s sampling formula

In chapter 4, a new particle-like noise model describing the effect of distributed
amplification and detection is presented. In the same chapter, it is shown that the
evolution of the photon statistics described by that model is exactly the same as the
evolution described using the photon statistics master equation. 1t will now be shown
that the new model presented is also equivalent, when light amplification is turned
off, to Bernoulli’s sampling formula. This concludes the proof that the new model is
consistent with well-established noise models for both amplifiers and photodetectors.
In order to do that, we will first demonstrate some properties of the Qn[X]
polynomials, which will be used throughout the proof. Next, we will use those
properties to find, from the new noise model, the evolution of the photon statisticsin
a passive photodetector. This will be later used to find the evolution of the
photocurrent electron statistics. These electron statistics will then be compared with

the ones obtained through Bernoulli’ s sampling formula.
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Properties of the polynomials Qn[X]=X(X-1)...(x- N+1)

The polynomia Qn[X] is an N-th degree polynomial without a constant term. It

can therefore be written as

No1 N )

Q=0 (x-K)=a (-1)" " ay (C.26).
k=0 u=1

Itistrivia to verify that al ay, thus defined are positive, and equal to the sum of

the products of all possible subsets of N- u different elements taken from {0,...,N- 1}.

For example, for all N, anyn-1=N(N- 1)/2, and an1=(N- 1)!.

It is also obvious that, since Qn+1[X]=(x- N)QnN[X], the coefficient of u+1-th degree
in Qn+a[X] is equal to the sum of the u-th degree coefficient, and N times the u+1-th

degree coefficient, both taken in Qn[X], or
AN+t = Ay T Nay ya (C.27).

Let us now consider the v+1-th (VEN) derivative of Qn+1[X]:

d V+1Q X N+1 N+ d V+1XU
dx+]:-l[]: ué_l(- 1) uaN+1,uW
= (C.29).
S R (VR Gy v
-ug.ﬂ gV'*'lB N+Lu

Since Qn+1[X]=xQn[Xx- 1], we can also write this derivative in the following form:

(C.29),

V+ v+l _ \% _
Tl TR gy Sl

where we have used that
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d"gf () 9(x)g _ 3 aengdmf (x) dn'mg(x) (C.30).
dx" mzogmﬂ dx™ o™

Evaluating (C.28) at x=0, x=- 1 and x=1 produces

v+l
—d QN++11[X] = (- 1)N-V (V+1)!aN+1v+1 (C31)’
dx" - '
dV+1QN+1[X] N-v gheu o
— <l =(-1 1)! = 32
e R R
dV" Qe [X] "ot N+-ueeU 0
_— = I - = 33 .
dx"** x=1 v+ ugﬂ( ) 8V+1éaN i =)

We can write the following equality, using (C.29), (C.31) and (C.32):

1 dv+1QN+1[X]| :dVQN[X' 1]|

(_ 1)N- 'Vl ANty =

v+l gyt ‘ 5 dx &
, = = (C.34),
d X ) N e
-TBD gyl 2,
dX x=-1 u=v Vﬂ
from where we can conclude:
N ael6
AN+ = a ¢ <8N u (C.35).
u=veVg

We can aso find, using (C.29), (C.31) and (C.33):
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v+ & (- FYeE =dX—Nj[]

u=v+l

x=1
_ dv+1 N [X- 1]
- dxV+t

_ dv+1 N [X]

dXV+1

+(V+:|_)dVQN—[\j(-1]

dx

- (C.36),

x=1

+(v+1) dVQNV[ A

dx

x=0 x=0

=(- )" (v+L)lag i + (- )"V (VD) 1ay,
and so we can finaly write:

S uaRlo 1 .
A (- 1)N ugv+aN,u =(- 1)N ' Yayy * (- 1)N RN (C.37).

u=v (%]

This concludes the demonstration of those properties of the Qn[X] polynomials
that will be used in the following proofs. We will now use these properties to show

that the new noise model for amplifier-photodetectors in the absence of light

amplification is consistent with Bernoulli’ s sampling formula.

Photon number statistics in a photodetector

In chapter 4, it is shown how the noise model for distributed amplifier-
photodetectors yields the following equation describing the evolution of the photon

number statistics:

d<2§N>=(Gaa+')?€i:<-1)“'i§?§<“p“> (©39)

where Ga and | are the coefficients describing the absorption in the detector and the

optical loss, respectively, both expressed in units of inverse of distance. Both of these
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coefficients may depend on the longitudinal propagation position z, but any such

dependence will not be shown explicitely, in order to lighten the notation. Using

(C.38), we will next show that

7

ng’“ & (Z)H>8: 0 (C.39).
5 ()" §
When N=1,
d
gzp> =- (Ga +1)(n,) (C.40).
Using (C.38) and (C.40) alows usto write:
PE T T U
2 (o) § (el
N d(n,"
+—L 08 ()" e, <dz">
(ny) " w2 (C.41).
N d{n,) N u u
= <np>N+1 <(jzp>2('1)N aNu<np>
1 d<np> y uo1 N-i 280 i+1
-1 -
<np>N+1 dz ?:130( ) ﬂNu< P >
But using (C.35) and (C.27) yields
N u-1 . N-1
é é( 1)N |§19 Nu<npl+l>: é( 1)N |<np|+1> é %lgaN’u
u=1i=0 %] i=0 u=i+1€' g (C.42),
N . .
. N é ( 1)N-(I+1)aN,i+l<npl+1>
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which when inserted in (C.41) obviously produces (C.39). Integrating (C.39)
produces the following equivalent result:
:<np(z)>

Qu &, (2)B) =L (Qn 0, (0) (C.43).
(g = 2 (ot O

Note that this is equivalent to a random selection process, whose “efficiency” is
the ratio of surviving photons at position z to incoming photons at position 0. Thisis
in perfectly good agreement with the intuitive picture painted all throughout this
appendix. We will now find how the new noise model describes the evolution of the

electron number statistics in a photodetector.

Electron number statistics in a photodetector

Earlier in this appendix, the need to take into account the correlation between
electron and photon numbers in distributed amplifier-photodetectors was discussed.
In chapter 4, the general equation describing the evolution of said correlation in
distributed amplifier-photodetectors was found. In the particular case of a detector
without optical amplification, no spontaneous emission or stimulated transitions
occur. The equation describing the evolution of the correlation between electron and

photon numbers can then ssimplified into

(C.44).
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When N=0, N'=1,

=G (ny) (C.45).

Making use of (C.40), (C.44) and (C.45), we can write the following relation

involving the Qn[X] polynomials:

EgQN @DHQN'[neDg
dzg <np>N ;

>N+1 dz a a (' 1)N+Nl- u-UIaN,uaN',u'<npuneu'>

n, u=lu'=1
_ <np:>LN+l : <dr;p> ugﬂug: %:( 1)N+Nl-i-UIglgaN'uaNl'UI<npi+lneUI>
(C.46).

Thisrelation may be written in asimpler way:

s

<QN &, QN [ne]>3
. .

d
dz

axD> (> D
—
>
©
~—
o

where the following definitions apply:
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b, = NaN,u g —aN J (C.48),
N .
(0]
g —aN i =ayu1tNay, - b, (C.49).
i=u-1 u-
N o8 6
dye=a (-2)° 'g AN (C.50).
j=u'+l U'g

Now, using (C.27), (C.35) and (C.37) allows some simplification:

b, = Nay , tay -1~ 8y =0 (C51);
CN,u = aN,u-l + I\IaN,u =ay +1,u (C.52).
Ay =-anege Fay-gy-1- @y =~ Ny gy (C.53).

When inserted into (C.47), these relations produce the following result:

d S<QN o HQN: [ ]> _ <QN+18“pHQN 1[ne]) d(n
dzé N u‘ N+1 dz (C.54).
] (np) b (np)
We will now use this result to prove by induction the following hypothesis:
dgé<QN 8o HQN: [”e]> {Quen &% B) d(n)" (C.55).

e N l;l N+N' dz
] () g ()
This hypothesis is obvioudly true for N'=0 and for all N because of (C.39). If

(C.55) were true, then integrating it we find that
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(Qu oy [ne]) <QN+N.gnpg><n>N,

<np>N <np>N+N'

If (C.55), and thus (C.56), isvalid for N'=0,...,u’, and for al N, then with the help

(C.56).

of (C.54), we can find for N'=u'+1:

EgQN @pHQu.ﬂ[neDg:(u' 1) d(ne) <QN+u'+1é1pB><n >u.
S R

o | (C.57).
(Qusgurssy 8ol d ()"
<np>N+(u'+1) dz

Theresult istherefore valid for all N' and for all N. In particular, when N=0,

d{Qune]) _ (O ol dfn)"

e = <np>N - (C.58).
Integration of (C.58) over the entire device yields
(ne)" .

(Que[re]) === (Qu- o) =h ™ (Qu- 8o ) (C.59),

N
(np)
which is exactly the result obtained from Bernoulli’s sampling formula. Obvioudly,

the new noise model for distributed amplifier-photodetectors is thus consistent with it.

In conclusion, Bernoulli’s sampling formula and the noise model for distributed
amplifier-photodetectors produce the same results when applied to classical detectors.

This confirms that the latter is consistent with the former.
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In this appendix, Bernoulli’ s sampling formula has been introduced. It is possibly
the most accurate noise model for classical photodetectors. It has been shown how
the electron and photon populations evolving along a detector are correlated. This
correlation and its effect in the photocurrent statistics are taken into account through
Bernoulli’s sampling formula, when all processes affecting the light are of a random
sampling nature. It has finally been shown that the new noise model presented in this
dissertation is, in the absence of amplification and spontaneous emission, consistent

with Bernoulli’ s sampling formula.
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