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ABSTRACT

Vertical-cavity semiconductor optical amplifiers (VCSOAS) are interesting devices because of their small form factor,
potential low manufacturing cost, high coupling efficiency to optical fiber, and polarization independent gain. In this
paper, an overview of the properties and possible applications of long-wavelength VCSOAS is given. We present
general design rules and analyze how the mirror reflectivity affects the properties of the VCSOA. Experimenta results
of reflection-mode VCSOASs operating at 1.3-um wavelength are presented. The devices were fabricated using InP-
GaAs wafer bonding and were optically pumped by a 980-nm laser diode. These VCSOAS have demonstrated the
highest fiber-to-fiber gain (17 dB), as well as the highest saturation output power (-3.5 dBm) of any long-wavelength
VCSOA to date. We have also used these VCSOAS for optical preamplification at 10 Gb/s. Using an 11-dB gain
VCSOA, the senditivity of aregular PIN detector was increased by 7 dB resulting in areceiver sensitivity of —26.2 dBm.
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1. BACKGROUND

There is currently significant interest in amplifier technologies that can provide a cost-effective aternative to the
ubiquitous erbium doped fiber amplifier (EDFA). Potential low-cost technologies such as erbium doped waveguide
amplifiers (EDWAs) and semiconductor optical amplifiers (SOAS) are being pursued by several companies. An
aternative to the conventional in-plane SOAs are vertical-cavity semiconductor optical amplifiers (VCSOAS). The
vertical-cavity design gives VCSOAS a number of advantages over in-plane devices, such as high coupling efficiency to
optical fiber, small form factor, low power consumption, and the possibility of fabricating two-dimensional arrays on
wafer. Furthermore, the technology allows for on-wafer testing and is compatible with low-cost manufacturing and
packaging techniques. These advantages all draw from the fundamental geometrical differences between the vertical-
cavity and the in-plane designs. In a vertical-cavity structure the optical mode passes perpendicularly through the
different material layers. Consequently, the optical field is always parallel to the active layers, which makesit easier to
obtain polarization independent gain. It also makes the gain per pass very small, on the order of a few percent.
VCSOAs therefore use feedback provided by high reflectivity distributed Bragg reflector (DBR) mirrors. The feedback
congtricts the gain bandwidth to the linewidth of the Fabry-Perot mode, which essentially limits the operation to
amplification of a single signal. The narrow bandwidth also filters out out-of-band noise, making VCSOAs ideal as
preamplifiers in receiver modules. The vertical cavity is circular symmetric around the axis perpendicular to the two
mirrors and naturally supports a circular optical mode. This yields high coupling efficiency to optical fiber, which is
beneficial for achieving alow noisefigure.

VCSOAs are a relatively unexplored technology but a handful of devices have been presented throughout the past
decade. The first VCSOA was demonstrated in 1991 by Koyama, Kubota, and Iga at Tokyo Institute of Technology.
They used an dectrically pumped GaAs/AlGaAs VCSEL structure to amplify and filter an injected 885-nm signal®. The
device had a bulk active region and a combination of SiO,/TiO, and gold mirrors. No fiber-to-fiber gain was obtained
but about 4 dB internal gain was reported. Two years later, in 1993, an optically pumped 850-nm VCSOA was
presented by Raj et al. at France Telecom. Only pulsed operation was reported®. The same group introduced resonant



pumping in a following generation of 850-nm devices® and in 1996 they presented the first long-wavelength VCSOA®.
The sample consisted of an InP/InGaAs active region with two sets of 5 quantum wells, a gold bottom mirror and a two
period Si-SIO, top mirror. It was optically pumped and operated in reflection mode. The operating wavelength was
1.55 um. 14 dB of gain was achieved in pulsed operation. Also in 1996, Wiedenmann et al. at University of Ulm
presented an eectrically pumped reflection mode VCSOA operating at 980 nm°. Two years later, in 1998, they
modified the design and incorporated an oxide aperture for current and mode confinement. They achieved 16 dB of
gain®. In 1998, Lewen et al. at KTH in Sweden used a 1.55 pm VCSEL structure for what was the first electrically
pumped long wavelength VCSOA’. The device had an InP/InGaAsP bottom DBR and a Si/SiO, top DBR. They
measured 18 dB of gain at 218 K not including coupling losses (fiber-to-fiber gain was not quoted). The VCSOA
project at UCSB started in 1999 and lead to the demonstration of the first 1.3-um VCSOA in 2000°. These devices were
fabricated using InP-GaAs wafer bonding, they were optically pumped, and operated in reflection mode. This first
generation was used to fully characterize this still fairly new class of devices™', to develop improved theoretical
models***2, and to explore possible applications for VCSOAsS™*. A second generation of 1.3-pum devices with
improved efficiency and record-high gain was recently presented’®. The VCSOA-project at UCSB has recently been
expanded to include e ectrically pumped long-wavelength devices'®.

In this paper we overview of the properties and possible applications of long wavelength VCSOAS. In Section 2, general
VCSOA theory is presented and a few useful design rules are derived. The effect that the reflectivity of the mirrors has
on the VCSOA properties is analyzed. In Section 3, results of two generations optically pumped 1.3-um VCSOASs
fabricated at UCSB are presented. A few potential applications for these VCOSASs are discussed in Section 4, including
optical interconnects, switching and modulation, and optical preamplification for high bit-rate receivers.

2. VCSOA DESIGN

VCSOAs are in principle VCSELs operated below lasing threshold. Materials and processing technologies devel oped
for VCSELSs can be directly applied to VCSOAS, and the design of the two is in many ways similar. The different
VCSOAs presented over the past decade have shown great diversity in design and materials. Some have been optimized
as amplifiers, some were merely VCSELSs operated below threshold. Some structures were all-epitaxial, some used
deposited insulating DBRs, and some used wafer bonding to combine long-wavel ength InP-based active regions with
high reflectivity AlGaAs DBRs. Almost all of the presented devices rely on multiple quantum well active regions to
provide the high single-pass gain needed to reach sufficient amplifier gain. Only one device, the first VCSOA®, used a
bulk active region. Several designsinclude alonger cavity with two or more stacked MQW active regions that provide
periodic gain that matches the standing wave pattern in the cavity. This stacked MQW active region design is very
attractive for VCSOASs since they require significantly higher single-pass gain than VCSELs. The long wavelength
devices presented so far have all used InGaAsP based QWs"’. In long-wavelength VCSELS, significant progress has
been made recently using AlinGaAs QWs for 1.55 pm emission*’, GalnNAs grown on GaAs for 1.3 um™®, and Sb-based
structrures®. AlinGaAs provide improved high temperature performance due to its larger conduction band offset and
GalnNAs has the advantage of being lattice matched to GaAs. No VCSOAs have yet been reported using these
materials.

The typically large number of QWSs needed to achieve high gain makes it difficult to pump the QWSs uniformly using
electrical injection. Optical pumping is an attractive way to pump VCSOASs for a number of reasons. Optical pumping
generates carriers in the QWSs, without the need of transporting the carrier through the structure. This resultsin very
uniform carrier distribution throughout alarge number of QWs. It also allows the entire structure to be undoped, which
simplifies growth and processing, and minimizes optical losses. Furthermore, optical pumping can generate uniform
carrier distribution acrossalaterally large active region. Optical pumping isnot just atool for thelab. Device and pump
laser can be packaged in the same package, or even integrated into the same structure®®. Several high-performancelong
wavelength VCSELSs have been presented that use optical pumping®? and these devices have recently been taken into
manufacturing®.



VCSOAs can be operated in two different configurations: reflection mode or transmission mode operation, asdepicted in
Figure 1. In reflection mode devices, the signal entersthe cavity from the top, through the top DBR, and comes back out
the same way. A bottom mirror reflectivity close to unity is desired, and the top mirror reflectivity can be varied to
change the properties of the devices. It iseasier to achieve good amplifier characteristicsin this configuration. It might
also be a more cost effective approach since the fiber alignment, which is a very difficult and costly step in the
manufacturing, is reduced from two fibers to one. However, the input and output signals need to be separated. The
separation calls for an additional component (coupler or circulator), which adds complexity, cost, and signal loss.
Operation in transmission mode is more attractive in some applications, e.g. integration with detectors for pre-
amplification or array applications. It is, however, amore difficult approach asfar astesting and packaging. The choice
of operational mode might ultimately depend on the intended application for the VCSOA.

Input and output
signals

Output signal

DBR

Gain layer

DBR

Input signal
Figure 1. Schematic of VCSOASs showing reflection mode operation (left) and transmission mode operation (right).

Central to the design of VCSOAS s the balance between the gain provided by the active region and the reflectivity of the
two mirrors. Strong feedback, i.e. high reflectivity, naturally resultsin high amplifier gain for a given value of single-
pass gain. However, if the net gain per roundtrip equals unity the device startsto lase. Theamplifier gainisin thehigh
reflectivity regime limited by lasing threshold. If the reflectivity istoo low, there will not bee enough feedback to reach
sufficient amplifier gain, and the amplifier gain isin this case limited by the material gain provided by the active region.
The reflectivity should be just low enough so that lasing threshold is not reached when the amplifier is driven at full
population inversion, i.e. the available material gain should be fully utilized.

To mode the gain spectrum of VCSOAS, the well-known Fabry-Perot equations for an active filter can be used®. These
equations are a convenient tool to model basic VCSOA trends, and to understand the behavior of these devices. In this
model the DBRs are replaced by hard mirrors separated by an effective cavity length, which includes the penetration of
the optical field into the mirrors. Anincoming optical field is considered and all field components exiting the cavity are
added together to get the output field. To obtain the power gain, the fields are squared and the total output power is
divided by the input power. The gain for reflection mode (G;) and transmission mode (G;) operation are given by
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where R; is the top mirror reflectivity, Ry isthe bottom mirror reflectivity, gsisthe single pass gain, and @is the round-
trip phase detuning normalized to the cavity resonance. Notethat the gain of a transmission mode deviceisindependent
of the direction of signal propagation through the device. If @is set equal to zero, Equations 1 and 2 can be used to
calculate the peak gain. From these equations, formulas for calculating the bandwidth are readily obtained. The gain
bandwidth (FWHM) for the two cases are given by
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where n is the refractive index of the cavity, L is the effective cavity length, and c is the velocity of light in vacuum.
Figure 2 shows cal culated peak gain and gain bandwidth as a function of mirror reflectivity for different values of single-
pass gain (1% - 5% for reflection mode, 2% - 5% for transmission mode). The graph to the left shows reflection mode
operation, the graph to the right shows transmission mode operation. The cavity length used in these calculationsis 2.2
pum, which is the cavity length of the devices presented later in thispaper. A longer cavity yields a narrower bandwidth.
For the case of reflection mode operation, a bottom mirror reflectivity of 99.9% is used in the calculations and gain and
bandwidth are plotted versus top mirror reflectivity. The bandwidth of reflection mode devices approaches infinity for
low peak gain since there is a constant wavelength independent reflection off the top mirror. For the case of
transmission mode operation, the reflectivity of one mirror is held constant at 95% while the reflectivity of the other
mirror isvaried. The dashed linesindicatelasing threshold. Operation too closeto lasing threshold must be avoided and
the high gain values suggested by the steep part of the curves are difficult to achieve in practice. The single pass gain
needed to achieve high amplifier gain is higher for the case of transmission mode operation because of the higher
combined mirror loss. These graphs give the impression of a trade-off between gain and bandwidth. However, thisis
only true for a constant single-pass gain. In the regime where the VCSOA can be brought to lasing threshold, low
reflectivity allows for stronger pumping and thereby higher gain. It can be shown that the gain-bandwidth product
increases with decreased mirror reflectivity®*.
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Figure 2. Gain and gain bandwidth for VCSOAs operated in reflection mode (left) and transmission mode (right). The curves
represent different values of single-pass gain, asindicated in the figure.



The noise figure of an optical amplifier describes the signal to noiseratio (SNR) degradation as a signal passes through
the amplifier. This makes the noise figure one of the most important properties of optical amplifiers for their
applications in optical communication systems. The noise figure of VCSOAS can be analyzed using the same methods
as for in-plane Fabry-Perot amplifiers®. The total output noise from an optical amplifier consists of several different
noise terms of different origin. The terms contributing to the total noise are: beating between amplified spontaneous
emission (ASE) components and the coherent signal light, beating between different ASE components, and shot noise
due to both signal and ASE. The input signal might also have some excess noise and the receiver adds thermal noise.
Spontaneous-spontaneous beat noise is independent of the input signal power and is the dominating term at low signal
power. Thisterm depends on the optical bandwidth of the ASE spectrum. For this reason, a bandpassfilter isnormally
used after the optical amplifier in order to minimize the amount of ASE reaching the detector. Thisis not needed for a
VCSOA as the spontaneous emission bandwidth islimited by the Fabry-Perot cavity. Signal-spontaneous beat noise and
shot noise increase with input signal power. At high signal powers signal-spontaneous beat noise isthe main contributor
to the output noise. The output ASE, and hence the signal-spontaneous beat noise is greatly affected by the mirror
reflectivity.

Considering signal-spontaneous beat noise to be dominant, the noise factor, F, defined as input SNR over output SNR
(the noise figure is defined as NF=10log(F) and expressed in decibels), is given by F=2ngx(G-1)/G, which for high
signal gain (G>>1) reduces to F=2ngX. Here, ng, is the population inversion parameter and X is the excess noise
coefficient, which describes signal-spontaneous beat noise enhancement due to finite mirror reflectivity. y takesavalue
of one for zero reflectivity (the case of traveling wave amplifiers) and values higher than one for finite mirror
reflectivities. An excess coefficient of one can be obtained for VCSOAs if the mirror reflectivities are chosen properly™.
For areflection mode device, ¢ depends only on the bottom mirror reflectivity, which should be as high as possible. For
a bottom mirror reflectivity over 99.9%, which is easily obtained using DBR mirrors, y equals one. For the case of
transmission mode operation, low input mirror reflectivity is desired in order to minimizey. The population inversion
parameter ng, equals one for complete inversion and higher values for incompleteinversion. It isdesired to operate at as
high carrier density as possiblein order to minimize ng,. A problem inherent to FP-amplifiersisthat the strong pumping
needed to minimize ng, could result in lasing if the mirror reflectivity isto high. It istherefore of utmost importance that
the mirror reflectivities are low enough to allow full inversion without the onset of lasing. For any practical application,
the often critical parameter is not theintrinsic noise figure of a device but rather its fiber-to-fiber noisefigure. The noise
figure is degraded by loss associated with coupling of the signal into the VCSOA (in logarithmic units, the input
coupling loss is simply added to the noise figure). VCSOAS have superior coupling efficiency compared to in-plane
devices and can therefore be expected to show better fiber-to-fiber noise figures, close to the fundamental limit of 3 dB.

As the photon density in the cavity is increased, the gain medium eventually saturates and the gain drops. This occurs
when the signal power is increased or when the VCSOA is operated close to threshold in which case the ASE causes
gain saturation. The saturation properties of the VCSOA can be modeled using rate equations that describe the balance
between carriers and photons in the cavity'. Compared to the well-known rate equations commonly used to analyze
lasers, these have an additional term for the input signal. Furthermore, the mirror loss has to be modified to include
interference as there are optical fields traversing one of the mirrors (on the input side) in both directions™. For high
saturation power (and high output power) it is clearly desirableto maintain alarge carrier density to photon density ratio
asthe signal power isincreased. This can be achieved by making the active volume large and reduce the photon cavity
lifetime (lower photon density) and pump the device hard (high carrier density). The drawback is that high gain in a
large active volume leads to higher power consumption. The mirror reflectivity is important also for the saturation
properties since it affects the photon cavity lifetime.

To summarize the theory trends, strong feedback, i.e. high mirror reflectivity, leads to high gain for a given value of
single pass gain, but the gain is limited by lasing threshold. It also leads to poor noise figure and early saturation. For
optimum performance, it is desirable to use mirror reflectivities that are high enough to yield high signal gain, but low
enough to allow operation at high carrier density without lasing to occur. This condition gives the highest possible
amplifier gain and gain -bandwidth product, the highest saturated output power and the lowest noise figure.



3. EXPERIMENTAL AMPLIFIER RESULTS

Two generations of VCSOASs have been developed at UCSB. Both generations operated at 1.3-um signal wavelength
and were optically pumped by a 980-nm laser. Both generations comprised a stacked InP/InGaAsP active region wafer
bonded to two GaAg/AlgsGay1As DBRs. Figure 3 shows the refractive index profile and the standing wave in the 5/2-A
cavity. The active region had three sets of seven compressively strained InAs, sPos quantum wells surrounded by strain
compensating 1nggGayoP barriers. The three sets of QWs were positioned on the three central standing wave peaksin
the cavity to maximize the optical mode-QW overlap. The wafer bonded interfaces were placed at nulls in the optical
field in order to minimize scattering losses at the interfaces. Details about wafer bonding are reported e sewhere®®. Both
generations of devices were designed for reflection mode operation; the bottom DBR had 26 periods, giving a calcul ated
reflectivity of 99.9%. They were made from the same active region material to facilitate a quantitative comparison of
thetwo designs. Generation 1 was again guided, planar structure where the lateral dimensions of the active region were
defined by the spot size of the pump laser beam. The number of top mirror periodswas varied in the characterization of
the device by selectively etching off individual mirror periods. The results from these devices were in good agreement
with theoretical predictions. High gain (13.5 dB, fiber to fiber) and high saturated output power (-3.5 dBm) was
obtained. However, the efficiency of these devices was low as a substantial fraction of the carriers were lost due to
lateral diffusion in the QWSs, out of the active region. Generation two had etched mesas in the active region to provide
carrier confinement. This simple design improvement turned out to have a significant impact on the efficiency and
maximum amplifier gain, as compared to Generation 1.

> InGaAsP/InP :(
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Figure 3. Refractive index profile and standing wave distribution in 5/2-A cavity of wafer bonded VCSOA. Quantum wells are
positioned on peaks; bonded interfaces at nulls (indicated by dashed lines).

A 980-nm laser diode was used to pump the VCSOAS through the substrate and bottom DBR. The pump beam was
focused down on the VCSOA active region using free-space optics, to a spot size of 8 um. A 1.3-um external cavity
tunable laser diode was used as signal source. A single-mode fiber and a lens were used to inject the 1.3-pm signal
through the top mirror of the device and to collect the output signal. The spot size of the signal was about 7.5 um. The
input and the output signals were separated by means of an optical circulator. Thetotal coupling loss (including lossin
the circulator) was about 7 dB. An optical spectrum analyzer was used to monitor the output signal.

Figure 4 shows optical bandwidth versus fiber-to-fiber gain for two VCSOAS from Generation 1. The reflectivities of
the devices were 96% and 96.5%. The input signal power was -25 dBm. The dots are measurements and the lines are
curve fits based on Equations 1 and 2. Good agreement between measured data and theory is demonstrated. The curve
fits suggest that very high gain and very narrow bandwidth is possible. In practice however, thisis limited by lasing
threshold. The highest gain measured for Generation 1 was 13.5 dB, fiber-to-fiber, for devices with a top mirror
reflectivity of about 95%. For further reduced top mirror reflectivity the devices could not be brought to lasing threshold
and the gain was limited by maximum material gain. Gain bandwidths between 20 — 100 GHz ware measured for
Generation 1. The widest bandwidth of 100 GHz was measured for atop mirror reflectivity of 91% and a peak gain of
11 dB.
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Figure 4. Optical bandwidth versus gain for top mirror Figure 5. Saturation behavior of a Generation-1 VCSOA
reflectivities of 96% and 96.5%. with 96% top mirror the reflectivity.

Figure 5 shows gain versus input signal power for a Generation-1 VCSOA. The top mirror reflectivity of this device
was 96%. The dots are measurements and the lines are curve fits based on therdation G = Gy/(1+P/Pg). Thethree sets
of data represent pump levels relative to lasing threshold of P/P;, = 0.62, 0.77, and 0.92 (P, = 130 mW). It is evident
from the graph that as the device was pumped closer to threshold it saturated earlier (lower input saturation power). The
output saturation power was constant about —9.5 dBm as the pump level was increased. The best saturation output
power of Generation 1 was—3.5 dBm, measured for asmall signal gain of 11 dBm, and a pump power of 120 mW. The
top mirror reflectivity of that devices was 91%. The conclusion from Generation 1 was that the optimum top mirror
reflectivity for that active region design was lower than 95%, but not as low as 91%. Unfortunately, no data was taken
for reflectivities between 95% and 91% due to an unsuccessful mirror etch. This optimum reflectivity did not agree with
the maximum single-pass gain that the active region was designed to be able to provide; much better performance at
reflectivities lower than 91% was predicted by theory. Apparently the carrier losses imposed a limit on the maximum
achievable carrier density and hence on the maximum gain.

In the fabrication of the second generation of devices circular mesas were etched in the active region prior to bonding the
top DBR to the active region. The QWSs were also under-etched to create a step-like sidewall profile with the InP
cladding layers being dightly larger than the activeregion. Thisminimized thelength of the semiconductor-air interface
compared to mesas without under-etched QWs. Consequently, it reduced scattering loss and provided for weaker index-
guiding, which is advantageous for operation in the fundamental TEMg, mode. Unfortunately, the under-etch created
dightly non-circular active regions, which resulted in a small polarization dependent gain. However, this can easily be
avoided through optimized processing. The under-etch allowed InP to migrate through mass-transport from the cladding
layers to the sidewalls of the QWSs, thereby decreasing the surface recombination and further improve the carrier
confinement. Based on the results from Generation 1, the top mirror reflectivity was designed to be about 92% in order
to allow for strong pumping and thus high amplifier gain, high saturation power and low noisefigure. Thetop DBR that
was used had 10.5-periods, which gives a calculated reflectivity of 91.8%. It turned out that very high single-pass gain
could be reached because of the carrier confinement, and optimum performance would have required even further
reduced reflectivity.

Fiber-to-fiber gain versus pump power for a VCSOA with a 9-um active region is shown in Figure 6. Theinput signal
power is —30 dBm. 10 dB of fiber-to-fiber gain was measured for a pump power of 33 mW. The maximum fiber-to-
fiber gain was 17 dB, which, considering a total coupling loss of about 7 dB, means that the intrinsic gain was about 24
dB. This isthe highest reported gain for any long wavelength VCSOA to date. The efficiency as indicated by the
dashed line was 0.34 dB/mW. The gain bandwidth for a peak gain of 15 dB was measured to be 32 GHz, the saturation
output power was -5 dBm, and the fiber-to-fiber noise figure was 6.1 dB.
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Figure 7 compares the performance of the two generations of VCSOAs. The pump power required to reach 10 dB of
fiber-to-fiber gain and lasing threshold is plotted versus top mirror reflectivity. For Generation 1, the lowest required
pump power needed for 10 dB gain was about 70 mW, for the high reflectivity devices. Thelinear curvefit can be used
to find the needed pump power at a reflectivity of 91.8%, which was the top mirror reflectivity of Generation 2. At that
reflectivity, the planar design would need about 110 mW of pump power to give 10 dB gain, whereas the carrier
confined design only needed 33 mW. This corresponds to a 3-fold improvement in efficiency. The planar design could
not be brought to lasing threshold at that reflectivity. The 9-um device from Generation 2 lased at 60 mW of pump
power. The fact that lasing threshold can be reached suggests that the QW gain is now high enough so that the
reflectivity could be even further reduced. This would result in higher saturation power, lower noise figure, and
probably even higher amplifier gain.

4. APPLICATIONS

VCSOAs have a number of potential applications in optical communication systems. Compared to other amplifier
technologies the VCSOA bandwidth is very narrow and the saturation power relatively low. The noise figure of
VCSOASs can be much lower than for in-plane SOAs. The performance cannot match that of erbium doped fiber
amplifiers but the unique characteristics of VCSOAs make them ideal for certain applications. The most obvious
features of VCSOASs are the potential low manufacturing cost, their potential for array applications, and the narrow
bandwidth, which hinders amplification of multiple channels but provides filtering and channel selection. Proposed
applications include optical interconnects, switching/modulation, and optical pre-amplification of high speed receivers.

Free-space optical interconnections are the most promising way to solve the wiring bottleneck between silicon chipsin
computers’”?, The transmitters in these interconnections can be either VCSEL arrays or modulators with an external
laser source. The attributes of VCSOAs that make them attractive for usein optical interconnectsaretheir circular beam
profile, low power consumption and compatibility with 2D array architectures. Proposed applications are as modul ators,
preamplifiers, or buses. Asmodulators, they are an alternative to MQW e ectro-optic modulators. Better extinction ratio
and low voltage operation are here foreseen advantages”. An array of preamplifiers integrated with a receiver array
would ease the requirements on both transmitters and receivers. Thiswould lead to decreased power dissipation, which
in turn would enable higher interconnect density®®. The optical bus, or repeater, can serve as detector and amplifier in



interconnects between multiple board. Part of the signal is detected and part is passed through to the next board. The
amplifier compensates for coupling loss and power absorbed by the detector™.

Using SOAs for routing of signals is attractive because of their fast gain dynamics, typically large extinction ratio, and
the fact that amplifier gain compensates coupling losses. The gain dynamics enable sub-nanosecond switching-time,
which is needed in future al-optical packet switched systems. The use of in-plane SOAs for switching has been
extensively studied®>*. Limiting factors for in-plane SOAs are polarization dependence and accumulation of amplified
spontaneous emission (ASE) as switches are cascaded into switch matrices®. The accumulation of ASE can be
mitigated by the filtering effect of the narrow VCSOA bandwidth. No multiport switches based on VCSOAS have yet
been demonstrated but the switching properties of individual VCSOA dements have been studied. A vertical-cavity
amplifying switch operated in reflection mode at 1.55-pum wavel ength has demonstrated a switching time of 10 psand an
extinction ratio of 14 dB*. At 1.3 um, a reflection mode VCSOAs demonstrated similar switching times and 35 dB
extinction ratio™. The switching properties of transmission mode VCSOAS have not yet been investigated.

As mentioned above, VCSOA-modulators have been proposed for usein optical interconnects. Amplifying modulators
are also attractive for a number of other applications. For example, the gain could compensate for |osses associated with
division of asignal for transmission to multiple recipients. Another application isthe use of SOAs asremote modulators
in networks with a centralized light source. Several proposed solutions for access and fiber to the home (FTTH)
networks take this approach, instead of using conventional transceivers, in order to minimize component cost®™®>’. The
potential low manufacturing cost of VCSOAswould be a major advantage for these applications. In the configuration in
Ref* SOAs are used both to detect the incoming signal at the remote nodes and to modulate a continuous wave (CW)
signal for the upstream information. A VCSOA showing amplifier-detector dual functionality has already been
demonstrated’. There have been several reports on VCSOA-modulators®®*®. Small signal modulation at 2.5 Gb/swith
5.5 dB fiber-to-fiber gain was demonstrated in Ref*.

Using VCSOAs for optical preamplification might be one of the most interesting applications for these devices. At
higher bit rates (10 Gb/s, 40 Gh/s, and beyond) avalanche photo diodes are limited by their gain-bandwidth product.
Optical preamplification is a way to increase the sensitivity of a regular PIN-detector without compromising its high-
speed performance. Optical preamplification has been demonstrated using other amplifier technologies (in-plane SOAS,
EDFASs) but VCSOASs have some clear advantages. Desired properties for this application are good noise performance
and polarization independent gain, which are areas of difficulty for in-plane devices. Also desired are low power
consumption, compactness, and low cost, properties that are not associated with fiber amplifiers. VCSOAS can mest all
these criteria.  Furthermore, an optical filter is normally added after the amplifier for this application, something not
needed if VCSOAS are used as their narrow bandwidth makes them function as amplifying filters. The low saturation
power of VCSOAS is not a problem for optical preamplification as the signal power reaching the receiver istypically
optimized at alower level than the saturation power of a VCSOA.

We have investigated the feasibility of using our reflection mode VCSOAs for optical preamplification at 10 GB/s™.
We used a similar setup to the one used for basic VCSOA characterization described above. The input signal was
modulated using a 10-Gb/s pattern generator driving a LiNbO; Mach-Zehnder modulator. The optically preamplified
receiver consisted of the VCSOA, a Nortd PP-10G PIN receiver, a DC block, and an SHF broadband amplifier. The
electrical signal from the SHF amplifier wasfed to abit error rate tester. No optical filter was used between the VCSOA
and the PIN detector. The receiver sensitivity was measured with and without the VCSOA preamplifier. A 10 Gb/s
non-return-to-zero 2*>-1 pseudo-random bit sequence was transmitted to the receiver and the hit error rate (BER) was
measured. The BER versus average received optical power is shown in Figure 8. Without the VCSOA, the receiver
sensitivity corresponding to a BER of 10° was—19.2 dBm. With the VCSOA operating at 11 dB fiber-to-fiber gain, the
receiver sensitivity was improved by 7 dB, resulting in a sensitivity of —26.2 dBm. No error floor was observed. The
eye pattern at a BER of 10” isalso shown in Figure 8. Excess noise from the optical amplification isvisiblein the high
level. The 4-dB power penalty is caused by the high noise figure of the VCSOA used in the experiment. The device
was one of the Generation-1 devices described above with a top mirror reflectivity of 95.5%. At that reflectivity, the
population inversion that could be reached was limited by lasing threshold. This resulted in a noise figure higher than
10 dB. The VCSOAs of the second generation has not yet been used for any transmission experiments, but the receiver
sensitivity (for the same PIN detector) can be calculated from the measured gain and noise figure of those devices.



Using the best results of Generation 2, fiber-to-fiber gain of 17 dB and a noise figure of 6.1 dB, a receiver sensitivity of
—31.3 dBmiscalculated.

These examples are just a few of the possible applications for VCSOAS; many more will certainly arisein the future. It
isinteresting to note that in most of the VCSOAS publications to date the multifunctionality of these devices have been
stressed. The devices have been presented as amplifying filter’, amplifying switch?**3, amplifying detector’, etc. One
potential path for VCSOASs is towards integration with other devices, e.g. VCSELS, detectors, etc. The vertical access
and array compatibility are here clear advantages. The most important step for VCSOAS is probably to make these
devices tunable to cover a wider wavelength range. The wavelength requirements on sources in low-cost course WDM
systems is fairly loose, which has to be accommodated by the amplifiers in the system. Tunable VCSOASs could be
realized by employing micro e ectromechanical systems (MEMS), similar to what is being used for tunable VCSEL %,
One example of an interesting possibility for a future device is shown in Figure 9. It is atunable VCSOA integrated
with a photodetector. This device takes full advantage of the filtering properties of VCSOAs and would be very
attractive as a tunable, wavelength selective receiver for application in WDM systems. This could be either single
devices or 2D arrays for parallel applications.
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® 1077 L
g 10 tunable
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10797 with VCSOA detector
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Received power [dBm]
Figure 8. BER at 10 Gb/s, with and without VCSOA pre- Figure 9. Tunable wavelength selective receiver comprising a
amplification. Inset shows eye pattern at BER = 10° with tunable VCSOA integrated with a PIN photodetector.
the VCSOA.

5. SUMMARY

VCSOAs are a relatively new class of devices with unique properties. Compared to conventiona in-plane SOASs they
have much lower gain per pass and therefore use feedback provided by mirrors to enhance the signal gain. The
reflectivity of the two mirrors have alarge impact on al properties of the amplifier, and must be chosen carefully in the
VCSOA design. The reflectivity should be high enough to provide sufficient feedback so that high amplifier gain can be
reached, but low enough so that lasing threshold cannot be reached when the single-pass gain is maximized. Too high
mirror reflectivity resultsin low gain, narrow bandwidth, low saturation and high noisefigure. The balance between the
reflectivity of the mirrors and the gain provided by the active region isthe central issuein VCSOA design. Thevertical-
cavity geometry gives VCSOASs a number of advantages over the in-plane design such as polarization independent gain
and a circular-symmetric optical mode; the latter yields high coupling efficiency to optical fiber, which isinstrumental in
achieving alow noisefigure.



Two generations of VCSOASs designed and fabricated at UCSB were presented. Both generations of devices were
optically pumped and operated in reflection mode at 1.3-um wavelength. The first generation was a planar structure
with the goal of investigating basic VCSOA properties and develop theoretical models. The second generation used
carrier confinement, which improved the efficiency of the devices as well as the maximum gain. The results are in
summary 17 dB fiber-to-fiber gain, 6.1 dB noise figure, and -3.5 dBm saturation output power. Bandwidths between 20
and 100 GHz were measured.

Optical preamplification at 10 Gb/s was also presented in this paper. A VCSOA was operated at 11 dB fiber-to-fiber
gain and a bandwidth of 37 GHz. The receiver sensitivity of a PIN receiver was improvement by a7 dB resulting in a
receiver sengtivity of —26.2 dBm. The narrow bandwidth of VCSOAsisamajor advantage in this application as out-of-
band noise is iminated, making an additional optical filter redundant. Other potential applications include optical
interconnects and switching and modulation. VCSOAs have the advantages of being compatible with low cost
manufacturing techniques and fabrication of 2D arrays on wafer. The design also lends itself to monalithic integration
with, for instance, VCSEL arrays or detector arrays. Tunable VCSOAS can be realized using the same technol ogies that
have been used to make tunable VCSELs. The possibility of realizing arrays of very compact, low-cost devices, which
could be tunable and/or integrated with other devices, makes VCSOASs a very promising technology for a wide range of
applicationsin future optical communications systems.
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