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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,
we present an overview of the properties of VCSOAs, as well as
emerging applications for this new class of devices. We present
general design rules and analyze how the mirror reflectivity
affects the properties of the VCSOA. Experimental results of
carrier-confined, optically pumped VCSOAs operating at 1.3- m
wavelength are presented. The devices were fabricated by wafer
bonding high-quality AlGaAs distributed Bragg reflectors (DBRs)
to an InGaAsP/InP active region. A carrier-confining structure
was formed on the active regionbeforethe top mirror was bonded
to the sample. These VCSOAs show the highest fiber-to-fiber gain
(17 dB) and the lowest noise figure (6.1 dB) of any long-wavelength
VCSOAs to date. VCSOAs should find applications as low-cost,
single-channel amplifiers, amplifying filters, amplifying switches
or modulators, as well as in two-dimensional array applications
such as optical interconnects. We demonstrate the use of VCSOAs
for optical preamplification at 10 Gb/s. Using an 11-dB gain
VCSOA, the sensitivity of a regular p-i-n detector was increased
by 7 dB resulting in a receiver sensitivity of 26.2 dBm.

Index Terms—Fabry–Perot (FP) resonators, laser amplifiers, op-
tical filters, optical resonators, semiconductor optical amplifiers,
surface-emitting lasers, vertical-cavity devices, vertical-cavity
semiconductor optical amplifiers (VCSOAs).

I. INTRODUCTION

T HERE is currently significant interest in amplifier tech-
nologies that can provide a cost-effective alternative to

erbium-doped fiber amplifiers (EDFAs). Potential low-cost
technologies such as erbium-doped waveguide amplifiers
(EDWAs) and semiconductor optical amplifiers (SOAs) are
being pursued by several companies. An alternative 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-di-
mensional (2-D) 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
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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 makes it 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 constricts the
gain bandwidth to the linewidth of the Fabry–Perot (FP)
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 a
low noise figure.

Remarkably little work has been done on VCSOAs. The first
SOA was presented in 1963 [1] and the first vertical-cavity sur-
face-emitting laser (VCSEL) in 1979 [2]. Since then, extensive
work has been done on both types of devices but the combi-
nation—VCSOAs—have attracted little interest. In 1991, the
first VCSOA was demonstrated by the same research group at
Tokyo Institute of Technology that presented the first VCSEL.
Koyama, Kubota, and Iga [3] used an electrically pumped
GaAs/AlGaAs VCSEL structure to amplify and filter an in-
jected 885-nm signal . The input signal was injected through the
bottom mirror, which consisted of seven periods SiOTiO .
The output (top) mirror consisted of Au/SiOTiO SiO . The
favorable filtering properties stemming from the high-finesse
VCSEL cavity was recognized; the device was not presented
as an amplifier but as an active filter. No fiber-to-fiber gain was
obtained but about 4-dB internal gain was reported.

Two years later, in 1993, an optically pumped reflection
mode device, also at 850 nm, was presented by Rajet al. at
France Telecom. It was presented as an amplifying photonic
switch. Only pulsed operation was reported [4]. The same
group introduced resonant pumping in a following generation
of 850-nm devices [5] and in 1996 they presented the first
long-wavelength VCSOA [6]. The device was again presented
as an amplifying switch. It was optically pumped and operated
in reflection mode. The operating wavelength was 1.55m.
The sample consisted of an InP/InGaAs active region with two
sets of five quantum wells (QWs), a gold-bottom mirror, and
a two period Si– SiO top mirror. 14 dB of gain was achieved
in pulsed operation. Also in 1996, Wiedenmannet al. at the
University of Ulm presented an electrically pumped reflection
mode VCSOA operating at 980 nm [7]. In 1998, they presented
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Fig. 1. Progress in amplifier gain of VCSOAs.

their second generation of devices: an electrically pumped,
transmission-mode VCSOA with an oxide aperture for current
and mode confinement [8]. Whereas many VCSOAs before this
were either merely VCSELs operated below threshold or very
simple designs that required complicated experimental setups
and pumping schemes, what Wiedenmannet al.presented was
a very practical device because of the electrical pumping and
transmission mode operation. They achieved 16 dB of gain.
However, the operating wavelength was 980 nm, which is not
very interesting for telecomm applications. In 1998, Lewenet
al. at the Royal Institute of Technology (KTH) in Sweden used
a 1.55- m VCSEL structure for what was the first electrically
pumped long-wavelength VCSOA [9]. The device had an
InP/InGaAsP bottom DBR and a Si/SiOtop DBR. They
measured 18 dB of gain at 218 K not including coupling losses;
the fiber-to-fiber gain was not quoted. The device saturated
very early (less than 25-dBm saturated output power) and the
bandwidth was extremely narrow, most likely because the de-
vice was optimized as a VCSEL, not an amplifier. The VCSOA
project at the University of California, Santa Barbara (UCSB)
started in 1999 and lead to the demonstration of the first 1.3-m
VCSOA in 2000 [10]. 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 [11],
[12], to develop improved theoretical models [13], [14], and
to explore possible applications for VCSOAs [15], [16]. A
second generation of 1.3-m devices with improved efficiency
and record high gain was recently presented [17]. The progress
in continuous wave (CW) amplifier gain of VCSOAs (not
including coupling losses) is summarized in Fig. 1.

In this paper, we overview the design, characteristics, and
possible applications of VCSOAs. In Section II, a broad theoret-
ical VCSOA model is presented. The model is used to derive a
few useful design rules in Section III. The effect that the reflec-
tivity of the mirrors has on the VCSOA properties is analyzed,

Fig. 2. Schematic of VCSOAs showing transmission mode operation (left) and
reflection mode operation (right).

and different designs are discussed. In Section IV, our most re-
cent long-wavelength VCSOA’s results are presented. Potential
applications for VCOSAs are discussed in Section V, including
the demonstration of optical preamplification at 10 Gb/s.

II. THEORETICAL MODEL

The basic structure of a VCSOA consists of an active region
enclosed by two mirrors. The device can be optimized for op-
eration in either the reflection or transmission mode, as shown
schematically in Fig. 2. In the reflection-mode operation, the
signal is injected and collected from the top, through the top
mirror. A bottom mirror reflectivity close to unity is desired,
and the top mirror reflectivity can be varied to change the prop-
erties of the VCSOA. In the transmission-mode operation both
mirrors are slightly transmissive. The signal is injected through
one side and collected on the other side.

The first theoretical predictions of VCSOA performance was
presented by Tomblinget al. in 1994 [18]. The model that was
used was based on carrier and photon rate equations and the FP
equations for a cavity with gain. Karlssonet al. used a similar
approach, but also analyzed the detector characteristics of
VCSOAs in a 1996 publication [19]. In 1999, Kibar presented
a detailed VCSOA analysis based on small-signal equivalent
circuits and rate equations [20]. In 2000, Pipreket al.presented
a more detailed rate equation model [13]. Of these publications,
only Tomblinget al. [18] analyzed all four important amplifier
parameters (gain, gain bandwidth, saturation, and noise figure).
However, no experimental results were presented to validate
their theoretical model. More importantly, in these early
theoretical VCSOA papers—as well as in even older in-plane
SOA publications—the results obtained using rate equation
analysis and the FP approach did not agree. This disagreement
was caused by the omission of interference between the fields
that traverse the input mirror in both directions. This omission
lead to an incorrect expression for the mirror loss in the photon
rate equation. The problem was solved in 2002 by Royoet al.
who showed that the mirror loss actually depends on the gain
in the amplifier [21].

The well-known FP equations for a cavity with gain [22] are
a convenient tool to model the gain spectrum of VCSOA. 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. An incoming 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
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fields are squared and the total output power is divided by the
input power. The gain for transmission mode and reflection
mode operation are given by

(1)

(2)

where is the top mirror reflectivity, is the bottom mirror
reflectivity, is the single pass gain, andis the round-trip
phase detuning normalized to the cavity resonance. Note that
the gain of a transmission mode device is independent of the
direction of signal propagation through the device. Ifis set
equal to zero, (1) and (2) can be used to calculate the peak gain.
From (1) and (2), expressions for calculating the bandwidth are
readily obtained. The gain bandwidth (full-width at half-max-
imum—FWHM) for the two cases are given by

(3)

(4)

where is the refractive index of the cavity, is the effective
cavity length, and is the velocity of light in vacuum.

Rate equations are used to model the interaction between
photons and carriers in the amplifier cavity. Compared to the
well-known rate equations commonly used to analyze lasers,
the rate equations for amplifiers have an additional term for the
input signal. Furthermore, the mirror loss has to be modified as
mentioned above. The rate equations for carriers () and pho-
tons ( ) then take the following form:

(5)

(6)

The first term on the right-hand side of (5), is a carrier-gen-
eration term that is different depending on whether electrical
or optical pumping is used. The second term is the stimulated
recombination and the last term summarizes all recombination
processes that do not contribute to amplification of the signal.

is the gain enhancement factor, is the group velocity,
and is the material gain. is the defect recombination,

is the spontaneous emission, and is Auger recom-
bination. The first term on the right-hand side of (6) describes
the injection of the input signal into the cavity. The second
term is the spontaneous recombination, the third term the stim-
ulated recombination, and the last term is the loss of photons.

is the coupling efficiency into the VCSOA, is the input
signal power, is the energy per signal photon, is the ac-
tive volume, is the spontaneous emission coefficient,is the
confinement factor, is the average cavity loss, and is the

mirror loss, which depends on the amplifier gain. The mirror
loss is calculated using [21]

(7)

The rate equations contain a large number of unknown ma-
terial and design specific parameters. In order to obtain reliable
results, as accurate values as possible have to be found for these
unknown parameters. The FP equations also contain a few un-
knowns, albeit fewer than the rate equations. The results ob-
tained using the FP equations are therefore more general. The
calculations presented in the next section are based on the design
of the devices presented in Section IV and a gain model calcu-
lated using an advanced laser simulation software, as described
in [13]. The rate equations were fitted to measured gain satura-
tion data in order to find viable values for the unknown param-
eters. The coupling efficiency of pump light into the VCSOA,
and the defect recombination were used as fitting parameters.
The aim of this paper is to show general trends; all details of the
theoretical model outlined above can be found in [23].

III. VCSOA DESIGN

A. Gain and Gain Bandwidth

The model described above can now be used to calculate how
properties of VCSOAs vary with changes in some key design
parameters. The balance between gain and reflectivity is central
in VCSOA design. By plotting the amplifier gain versus mirror
reflectivity for different values of single-pass gain, and for op-
eration as close to threshold as desired, the best operating point
for a given active region design can be found. Fig. 3 shows gain
(bottom) and gain bandwidth (top) versus mirror reflectivity for
a transmission mode VCSOA. One mirror reflectivity is held
constant at and the reflectivity of the other mirror is repre-
sented on the-axis. It is assumed that the maximum single-pass
gain that can be reached is 8%. This assumption is based on the
design of the active region of the VCSOAs presented later in this
paper, which had 21 InAs P QWs. Four pairs of curves rep-
resenting constant single-pass gains of 2%, 4%, 6%, and 8% are
shown. These curves were calculated using (1) and (3). The FP
model is only valid below lasing threshold, which is given by the
condition . The signal gain goes toward infinity and
the gain bandwidth goes to zero at lasing threshold. Also shown
are gain curves at 95% and 90% of the pump power required
to reach lasing threshold. Those curves were calculated using
the rate equations. The curve corresponding to a single-pass
gain of 8%, together with the 95% of threshold curve, mark the
maximum amplifier gain that can be obtained. These curves are
shown as solid lines. The point at which they cross represents
the optimum mirror reflectivity and the highest possible ampli-
fier gain. For the case of transmission-mode operation and the
active region used here, the optimum reflectivity is, which
gives a gain of about 30 dB. To the left of this point, the max-
imum gain is limited by the maximum material gain (in this case
assumed to be 3500 cm). Lasing threshold cannot be reached,
and the active region can be pumped to full population inversion
for low-noise performance. To the right of the crossing point, the
VCSOA performance is limited by lasing threshold. The dashed
curves show performance trends for lower values of single-pass
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Fig. 3. Peak gain and gain bandwidth versus mirror reflectivity for
transmission mode operation. The reflectivity of one mirror is held constant
at 0:95. The solid lines in the bottom half of the figure indicate maximum
achievable gain. The dashed curves indicate trends.

gain and operation further away from lasing threshold. The gain
curves for constant single-pass gain are the most general as they
only needed three input parameters—, , and . The band-
width curves are not as general as they require values for the
length and refractive index of the cavity. The curves calculated
using the rate equations are the least general as they involve a
number of design-specific parameters. Fig. 4 shows gain and
gain bandwidth versus top mirror reflectivity for the case of re-
flection mode operation. For this case, the bottom mirror reflec-
tivity is . Optimum mirror reflectivity and highest possible
gain as suggested by the graph are in this case aboutand 35
dB. The single-pass gain needed to achieve high amplifier gain
is higher for transmission-mode operation because of the higher
combined mirror loss.

Figs. 3 and 4 give the impression of a tradeoff between
gain and bandwidth. However, this is only true for a constant
single-pass gain, such as the maximum gain in the low-re-
flectivity regime. In the high-reflectivity regime, where the
performance is limited by lasing threshold, decreased reflec-
tivity allows for stronger pumping and thereby higher gain.
Because of this tradeoff, the gain–bandwidth product is a
good figure of merit for VCSOAs. It is defined as the square
root of the gain times the bandwidth. It can be shown that
the gain–bandwidth product increases with decreased mirror
reflectivity for both transmission and reflection mode operation
[14].

B. Saturation Power

As the photon density in the cavity is increased, the gain
medium eventually saturates and the gain drops. This occurs

Fig. 4. Peak gain and gain bandwidth versus top mirror reflectivity for
reflection mode operation. The bottom mirror reflectivity is0:999.

when the signal power is increased or when the VCSOA is op-
erated close to threshold in which case the amplified sponta-
neous emission (ASE) causes gain saturation. The saturation
input power is defined as the input signal power for which the
gain drops by 3 dB from its small-signal value. The satura-
tion properties of the VCSOA can be modeled using the rate
equation approach. For high saturation power (and high output
power) it is clearly desirable to maintain a large carrier density
to photon density ratio as the signal power is increased. 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 consump-
tion. Saturation input power versus unsaturated gain for trans-
mission- and reflection-mode operation are shown in Figs. 5
and 6, respectively. As the pump power is increased, the gain in-
creases due to the increased carrier density. The increase in gain
results in increased photon density. This causes the gain to sat-
urate earlier, except for the case of high gain at very low mirror
reflectivities. Depending on the slope of the curve, the satura-
tion outputpower may decrease, stay constant, or increase. This
varies along the curves, but depends on the specific VCSOA de-
sign as well.

C. Noise Figure

The noise figure of an optical amplifier describes the
signal-to-noise ratio (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
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Fig. 5. Saturation input power versus unsaturated gain for transmission-mode
operation.

Fig. 6. Saturation input power versus unsaturated gain for reflection mode
operation. The bottom mirror reflectivity is0:999.

as for in-plane FP amplifiers [24]. 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 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. This term depends on the optical bandwidth of the ASE
spectrum. For this reason, a bandpass filter is normally used
after the optical amplifier in order to minimize the amount of
ASE reaching the detector. This is not needed for a VCSOA as
the spontaneous emission bandwidth is limited by the FP cavity.
Signal-spontaneous beat noise and shot noise increase with
input-signal power. At high signal powers, signal-spontaneous

Fig. 7. Calculated noise figure atP=P = 0:9 versus top mirror reflectivity
for the devices presented later in this paper.

beat noise is the 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 , defined as input SNR over output SNR (the
noise figure is defined as NF and expressed in
decibels), is given by , which for high
signal gain reduces to . Here, is
the population inversion parameter andis the excess noise
coefficient, which describes signal-spontaneous beat noise en-
hancement due to finite mirror reflectivity. takes a value 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 [12]. For a reflection
mode device, depends only on the bottom mirror reflectivity,
which should be as high as possible. A bottom mirror reflectivity
over , which is easily obtained using DBR mirrors, yields

. For the case of transmission-mode operation, low-input
mirror reflectivity is desired in order to minimize. The pop-
ulation inversion parameter equals one for complete inver-
sion and higher values for incomplete inversion. It is desired to
operate at as high carrier density as possible in order to mini-
mize . A problem inherent to FP amplifiers is that the strong
pumping needed to minimize could result in lasing if the
mirror reflectivity is too high. It is, therefore, of utmost im-
portance that the mirror reflectivities are low enough to allow
full inversion without the onset of lasing. Fig. 7 shows calcu-
lated noise figure at 90% of threshold versus mirror reflectivity

for the devices presented later in this paper. An ex-
cess noise coefficient of one was used in the calculation. Only
signal-spontaneous beat noise is included in the calculation be-
cause it dominates over spontaneous-spontaneous beat noise by
at least one order of magnitude for input signal power over45
dBm. A noise figure of about 4 dB can be expected for a re-
flectivity of . For any practical application, the critical pa-
rameter is not the intrinsic noise figure of a device but rather
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its fiber-to-fiber noise figure. 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 com-
pared to in-plane devices and can therefore be expected to show
better fiber-to-fiber noise figures.

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 a lasing threshold.
It also leads to poor noise figure and early saturation. Central
to the design of VCSOAs is the balance between the gain
provided by the active region and the reflectivity of the two
mirrors. 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 satu-
ration output power, and the lowest noise figure. It is easier to
achieve good amplifier characteristics in devices optimized for
reflection-mode operation. The combined mirror loss is lower
compared to transmission-mode operation, so good signal gain
can be achieved for lower single-pass gain. Reflection-mode
operation 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 separa-
tion 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 preamplification or array
applications. It is, however, a more difficult approach as far as
testing and packaging. The choice of operational mode might
ultimately depend on the intended application for the VCSOA.

D. Active Region Design

The development of VCSOAs has benefited greatly from
VCSEL research over the past decade. Materials and processing
technologies developed for VCSELs can be directly applied to
VCSOAs, and the design of the two is in many ways similar.
The main difference is that strong feedback is desired for
VCSELs in order to minimize the required threshold current. In
VCSOAs, on the other hand, reduced feedback is advantageous
in order to enable high gain without the onset of lasing. There-
fore, VCSOAs require higher single-pass gain and lower mirror
reflectivity than VCSELs. 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 VCSELs operated below threshold. Some structures
were all-epitaxial, some used deposited insulating DBRs,
and some used wafer bonding to combine long-wavelength
InP-based active regions with high-reflectivity AlGaAs DBRs.
Buried active regions, ion implantation, and oxide apertures
have been incorporated into the designs. Almost all of the
presented devices rely on multiple quantum-well (MQW)
active regions to provide the high single-pass gain needed
to reach sufficient amplifier gain. Only one device, the first
VCSOA [3], used a bulk active region. Several designs include
a longer 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 a very attractive design to achieve the high single-pass gain
needed for VCSOAs. The long-wavelength devices presented
so far have all used InGaAsP-based QWs [6], [9], [10], [17].
In long-wavelength VCSELs, significant progress has been
made recently using AlInGaAs QWs for 1.55-m emission
[25], GaInNAs grown on GaAs for 1.3m [26], and Sb-based
structures [27]. AlInGaAs provide improved high-temperature
performance due to its larger conduction band offset and
GaInNAs has the advantage of being lattice matched to GaAs.
No VCSOAs have yet been reported using these materials.

The typically large number of QWs needed to reach high
gain and high saturation power makes it difficult to achieve uni-
form carrier distribution throughout the wells using electrical
injection. Optical pumping is an attractive way to pump VC-
SOAs for a number of reasons. Optical pumping generates car-
riers in the QWs, without the need of transporting the carrier
through the structure. This results in very uniform carrier distri-
bution throughout a large 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 across a lat-
erally large active region. Several high-performance long-wave-
length VCSELs have been presented that use optical pumping
[28], [29]. To maintain a small footprint, device and pump laser
can be packaged in the same package, or even integrated into
the same structure [28].

IV. FABRICATION AND EXPERIMENTAL RESULTS

Two generations of VCSOAs have been developed at UCSB.
Both generations operated at 1.3-m signal wavelength and
were optically pumped by a 980-nm laser. Both generations
comprised a stacked InGaAsP/InP active region wafer bonded
to two Al Ga As/GaAs DBRs. The active region had
three sets of seven compressively strained InAsP QWs
surrounded by strain compensating InGa P barriers.
The three sets of QWs were positioned on the three central
standing-wave peaks in the 5/2-cavity to maximize the
overlap of the optical mode and the QWs. 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 elsewhere [30]. Both generations
of devices were designed for reflection-mode operation; the
bottom DBR had 26 periods, giving a calculated reflectivity of

. They were made from the same active region material
to facilitate a quantitative comparison of the two designs. The
first generation was a gain-guided, planar structure where the
lateral dimensions of the active region were defined by the spot
size of the pump laser beam. The results from these devices
were in good agreement with theoretical predictions [11]. High
gain (13.5 dB, fiber-to-fiber) and high saturated output power
( 3.5 dBm) were obtained. However, the planar structure
allowed the generated carriers to diffuse laterally in the QWs,
out of the active region. This resulted in low efficiency. In order
to improve the efficiency in the second-generation VCSOAs,
carrier confinement was introduced. A simple way to achieve
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carrier confinement is to etch mesas through the active layers
of the device. However, the etched sidewalls allow carriers
to recombine at surface states, which can compromise the
effectiveness of the carrier confinement. The degree to which
surface recombination affects the carrier density in the active
region depends on the materials in the active region, the quality
of the sidewall surface, and the dimensions of the etched mesa.
The sidewall recombination is lower in InGaAsP/InP than in
the AlGaAs/GaAs material system [31]. The surface recombi-
nation states are created by the termination of the lattice. The
dry etch used to form the mesas and the subsequent surface
treatment are, therefore, crucial to minimizing the number of
recombination sites. The number of recombination states can
be reduced by chemical passivation of the sidewalls [32] or
semiconductor regrowth [33].

The processing of the second-generation VCSOAs began
with bonding the active region to the bottom DBR. After
bonding, the InP substrate was removed. Prior to the second
bond, circular mesas were defined on the active region using
reactive ion etching (RIE). The etch was stopped after the third
set of QWs, leaving the bottom InP cladding intact. In addition
to etching vertical mesas, the QWs were underetched. This
resulted in a step-like sidewall profile where the InP cladding
layers had a slightly larger diameter than the QWs. Finally,
the top DBR was bonded to the active region. The second
wafer bond takes place at a higher temperature than the growth
temperature of the QWs. During the second bond, InP from
the layers surrounding the QWs migrates to smooth the steps
in the sidewalls, thereby covering the QW edges. This mass
transport of InP significantly reduces sidewall recombination.
In addition to the intended creation of a buried heterostructure,
it is advantageous for thermal reasons to have large InP layers
surrounding the QW. Any heat generated in the QWs will
spread to the surrounding InP layers. A larger volume of InP
is simply a more efficient heat sink. The top mirror was a 10.5
period Al Ga As/GaAs DBR with a calculated reflectivity
of . A schematic of the carrier-confined VCSOA structure
is shown in Fig. 8. A scanning-electron micrograph (SEM) of
the cross section of the finished device is shown in Fig. 9.

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 8.8 m. A 1.3- m external cavity tunable laser was
used as signal source. A single-mode fiber and a lens were used
to inject the 1.3-m signal through the top mirror of the device
and to collect the output signal. The spot size of the signal was
about 8.3 m. The input and the output signals were separated
by means of an optical circulator. The total coupling loss (in-
cluding loss in the circulator) was about 7 dB. An optical spec-
trum analyzer was used to monitor the output signal. Alignment
of the pump and signal beams to overlap with the carrier-con-
fining mesas was critical to device performance. The pump spot
diameter was 0.5m larger than the signal, which gave enough
alignment leeway to achieve good pump–signal overlap. The
best results were obtained with VCSOAs with 9-m diameter
mesas—0.2 m larger than the pump spot size.

Fiber-to-fiber gain versus pump power for a carrier-confined
VCSOA with a 9- m diameter active region is shown in Fig. 10.

Fig. 8. Schematic of carrier-confined wafer-bonded VCSOA.

Fig. 9. SEM of cross section of carrier-confined wafer-bonded VCSOA.

Fig. 10. Fiber-to-fiber gain and noise figure versus pump power for 9-�m
diameter carrier-confined VCSOA.

Dots are measurements, the solid line is a curve fit based on the
rate equations. The input signal power was30 dBm. The max-
imum fiber-to-fiber gain was 17 dB, measured for a pump power
of 50 mW. Considering a total coupling loss of about 7 dB, the
internal VCSOA gain was about 24 dB. Also shown in Fig. 10
is the fiber-to-fiber noise figure. The circles are measurements,
the dashed line is a guide to the eye. For a pump power of 50
mW, a noise figure of 6.1 dB was measured. The gain spectrum
of the same device is shown in Fig. 11. Dots are measurements,
the line is a curve fit based on (2). The gain bandwidth for a
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Fig. 11. Gain spectrum at 15-dB peak gain. The gain bandwidth is 0.2 nm (32
GHz).

Fig. 12. Pump power required to reach 10 dB of gain for carrier-confined
VCSOA compared to planar devices.

peak gain of 15 dB was measured to be 0.2 nm (32 GHz). The
saturation output power for a small-signal fiber-to-fiber gain of
15.5 dB was measured to be5 dBm. The results presented here
are the best results achieved from one fabrication run. The peak
signal gain of devices with the same mesa diameter, on the same
sample, varied by about 3 dB. The results are in good agreement
with theoretical predictions. This generation VCSOAs was de-
signed to investigate the effect of the carrier confinement; the
mesa diameter of the devices varied over a fairly wide range.
No arrays of identical VCSOAs were fabricated.

Fig. 12 compares the performance of the two generations of
VCSOAs. The pump power required to reach 10 dB of fiber-to-
fiber gain is plotted versus top mirror reflectivity. For the planar
devices, the lowest required pump power needed for 10-dB gain
was about 70 mW, for devices with relatively high top mirror re-
flectivity. The top mirror reflectivity of the carrier-confined VC-
SOAs was . At that reflectivity, the planar design would

need over 100 mW of pump power to give 10-dB gain, whereas
the carrier-confined design only needed 33 mW. This corre-
sponds to a three-fold improvement in efficiency. The planar de-
sign could not be brought to lasing threshold at that reflectivity.
The 9- m-diameter carrier-confined device lased at 60 mW of
pump power. The fact that lasing threshold can be reached sug-
gests that the QW gain is now high enough so that the top
mirror reflectivity could be further reduced. This would result
in higher saturation power, lower noise figure, and probably
even higher amplifier gain. Unfortunately, the underetch created
slightly noncircular active regions, which resulted in a small po-
larization-dependent gain in the smallest devices. However, this
can easily be avoided through optimized processing. The three-
fold improvement in efficiency and the fact that higher amplifier
gain was obtained with the second-generation VCSOAs con-
firms that the carrier confinement had a great impact on the lat-
eral carrier loss. The exact composition and crystalline structure
of the material covering the QW edges could not be established,
and the reduction in surface recombination can, therefore, not
be quantified. However, the reduced carrier loss is evidence of
very low sidewall recombination. This indicates that InP from
the cladding layers filled in the steps in the sidewalls during the
second wafer bond, effectively creating a buried heterostructure.
In-plane buried heterostructure lasers fabricated by mass trans-
port have already been demonstrated [34]. Wafer bonding pro-
vides an attractive way to fabricate buried-heterostructure VC-
SOAs and VCSELs, as it gives the freedom to process the active
region before the structure is completed.

V. APPLICATIONS

There are a number of potential applications for VCSOAs.
Compared to other amplifier technologies, the VCSOA band-
width is very narrow and the saturation power relatively low.
The noise figure of VCSOAs can be much lower than for
in-plane SOAs. They can be designed to operate at any desired
telecommunication wavelength. The vertical-cavity geometry
is compatible with low-cost fabrication and packaging tech-
niques. A property that is a disadvantage for one application
might be the enabler of another. The narrow gain bandwidth,
for instance, hinders amplification of multiple channels but pro-
vides filtering and channel selection. VCSOAs can potentially
be used wherever a compact, low-cost, single-channel amplifier
is needed. There are many instances in wavelength-division
multiplexing (WDM) networks where the channels are split
up and amplified or processed individually. A reason for this
is the importance of maintaining equal signal power in all
channels. VCSOAs are ideal for these applications. VCSOAs
can also be integrated in high-density 2-D array architectures.
This is not possible with in-plane SOAs or fiber amplifiers. It is
interesting 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 [3],
amplifying switch [4]–[6], [15], amplifying detector [9], etc.
Optical bistability in FP SOAs is a well-known phenomenon
that may enable the realization of all-optical logic and memory
elements [35]–[37]. The short cavity length of VCSOAs and
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the possibility of fabricating 2-D arrays are suggested advan-
tages for this application [36]. Optical bistability was recently
observed in a reflection-mode VCSOA [37].

VCSOAs may find use in free-space optical interconnects
[20]. The attributes of VCSOAs that make them attractive for
this application are their circular beam profile, low power con-
sumption, and compatibility with 2-D array architectures. Pro-
posed applications are as modulators, preamplifiers, or buses.
As modulators, they are an alternative to MQW electrooptic
modulators. Better extinction ratio and low-voltage operation
are here foreseen advantages [38]. An array of preamplifiers in-
tegrated with a receiver array would ease the requirements on
both transmitters and receivers. This would lead to decreased
power dissipation, which, in turn, would enable higher intercon-
nect density [20], [39]. 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 [40].

Using SOAs for switching/modulation 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 subnanosecond switching
time, which is needed in future all-optical packet-switched
systems. The use of in-plane SOAs for switching has been
extensively studied [41]–[43]. Limiting factors for in-plane
SOAs are polarization dependence and accumulation of ASE
as switches are cascaded into switch matrices [43]. The ac-
cumulation 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 elements have been studied.
A vertical-cavity amplifying switch operated in reflection
mode at 1.55-m wavelength has demonstrated a switching
time of 10 ps and an extinction ratio of 14 dB [6]. At 1.3m,
a reflection mode VCSOAs demonstrated similar switching
times and 35-dB extinction ratio [15]. The switching properties
of transmission mode VCSOAs have not yet been investigated.
There have been several reports on VCSOA modulators
[38], [44]. Small-signal modulation at 2.5 Gb/s with 5.5-dB
fiber-to-fiber gain was reported in [44].

A. Optical Preamplification

Using VCSOAs for optical preamplification might be one of
the most interesting applications for these devices. At higher bit
rates (10 Gb/s, 40 Gb/s, and beyond) avalanche photodiodes are
limited by their gain–bandwidth product. Optical preamplifica-
tion is a way to increase the sensitivity of a regular p-i-n de-
tector without compromising its high-speed performance. Op-
tical preamplification has been demonstrated using other am-
plifier technologies (in-plane SOAs [45], EDFAs [46]) but VC-
SOAs have some clear advantages. Desired properties for this
application are good noise performance and polarization-inde-
pendent 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. VC-
SOAs can meet all these criteria. Furthermore, an optical filter

Fig. 13. BER versus received power for VCSOA-preamplified receiver. The
eye diagram shows the received preamplified signal at a BER of10 .

is normally added after the amplifier for this application, some-
thing 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 is typically optimized
at a lower 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 character-
ization described above. The input signal was modulated using
a 10-Gb/s pattern generator driving a LiNbOMach–Zehnder
modulator. The optically preamplified receiver consisted of
the VCSOA, a Nortel PP-10G p-i-n receiver, a dc block, and
an electrical broad-band amplifier. The electrical signal from
the SHF amplifier was fed to a bit-error rate (BER) tester. No
optical filter was used between the VCSOA and the p-i-n de-
tector. The receiver sensitivity was measured with and without
the VCSOA preamplifier. A 10-Gb/s nonreturn-to-zero
pseudorandom bit sequence was transmitted to the receiver
and the BER was measured. The BER versus average received
optical power is shown in Fig. 13. Without the VCSOA, the
receiver sensitivity corresponding to a BER of 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 is also shown in Fig. 13. Excess noise



BJÖRLIN et al.: CARRIER-CONFINED VERTICAL-CAVITY SEMICONDUCTOR OPTICAL AMPLIFIERS 1383

from the optical amplification is visible in 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 a planar struc-
ture as described above with a top mirror reflectivity of 95.5%.
At that reflectivity, the population inversion—and thus noise
figure—that could be reached was limited by lasing threshold
(the noise figure was estimated to be higher than 10 dB). The
gain bandwidth was measured to be 37 GHz. This bandwidth
allows for bit rates up to 33 Gb/s. Wider gain bandwidth, which
can be achieved by decreasing the pump level or lowering the
mirror reflectivity, would allow for transmission at higher bit
rates. The carrier-confined VCSOAs have not yet been used for
any transmission experiments, but the receiver sensitivity (for
the same p-i-n detector) can be calculated from the measured
gain and noise figure of those devices. Using the best results
of carrier confined devices, fiber-to-fiber gain of 17 dB and a
noise figure of 6.1 dB, a receiver sensitivity at 10 Gb/s of31
dBm is calculated. For comparison, the best receiver sensitivity
reported for an avalanche photodiode (APD) is28.0 dBm
[47].

B. Tunable Amplifiers

As mentioned earlier, the narrow gain bandwidth of VCSOAs
is an advantage for optical preamplification as it eliminates the
need for an optical filter before the detector. However, if the
signal wavelength is only slightly off from the peak gain wave-
length of the VCSOA distortion of the signal might result. This
can be detrimental in any VCSOA application. Furthermore, 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. It is therefore of great interest to make
tunable VCSOAs that can cover a wider wavelength range and
be very precisely adjusted to match the wavelength of the signal.
The simplest approach to tune the peak wavelength of a VCSOA
is temperature tuning. In order to be able to maintain constant
signal gain when the temperature is increased, the pump power
has to be increased to compensate for the decreased gain. Fig. 14
shows the tunability of our planar VCSOAs. 10 dB of fiber-to-
fiber gain over 8-nm tuning range is demonstrated. The input
signal power was 30 dBm. To achieve this tuning, the tempera-
ture was changed from 15C to 70 C. The pump power used at
each temperature is also shown in Fig. 14. Over 70C, sufficient
gain could not be reached even though the pump power was in-
creased. At temperatures lower than 15C, it might be possible
to expand the tuning range. However, it was not possible to in-
vestigate this with the present setup. To achieve a greater tuning
range, tunable VCSOAs could be realized by employing micro-
electromechanical systems (MEMS), similar to what is being
used for tunable VCSELs [29].

One potential path for the future development of VCSOAs is
toward integration with other devices, e.g., VCSELs, detectors,
etc. The vertical access and array compatibility are here clear
advantages. One example of an interesting possibility for a fu-
ture device is shown in Fig. 15. It is a tunable VCSOA integrated
with a photodetector. This device takes full advantage of the fil-
tering properties of VCSOAs and would be very attractive as a
tunable, wavelength-selective receiver for application in WDM

Fig. 14. Temperature tuning of VCSOA. 10 dB of fiber-to-fiber gain over 8
nm is demonstrated.

Fig. 15. Schematic of future device. A tunable amplifying filter is
monolithically integrated with a detector to form a channel-selective
preamplified high-speed receiver.

systems. This could be either single devices or 2-D arrays for
parallel applications.

VI. SUMMARY

VCSOAs are a relatively new class of devices with unique
properties. The vertical-cavity geometry gives VCSOAs a
number of advantages over the in-plane design such as po-
larization-independent gain and a circular-symmetric optical
mode; the latter yields high coupling efficiency to optical
fiber, which is instrumental in achieving a low noise figure.
Compared to conventional in-plane SOAs, they have much
lower gain per pass and therefore use feedback provided by
mirrors to enhance the signal gain. The balance between the
reflectivity of the mirrors and the gain provided by the active
region is the central issue in VCSOA design. The reflectivity
of the two mirrors has a large impact on all properties of
the amplifier, and must be chosen carefully. 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. This gives the highest possible amplifier gain, the
highest saturation power, and the lowest noise figure.

We have designed and fabricated two generations of long-
wavelength VCSOAs. Both generations of devices were opti-
cally pumped and operated in reflection mode. Wafer bonding
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was used to combine InGaAsP-active material with high-quality
AlGaAs DBRs. Wafer bonding gives the opportunity to process
the active region of the devices before the structure is com-
pleted. This opportunity was used to etch a carrier-confining
structure through the active region of the devices. During the
second bond, mass transport of InP covered the edges of the
QWs, thereby minimizing carrier loss through sidewall recom-
bination. The carrier confinement resulted in a threefold effi-
ciency improvement and an increase in maximum gain com-
pared to planar devices. The results of the carrier-confined de-
vices were 17-dB fiber-to-fiber gain and a noise figure of 6.1 dB.

Optical preamplification at 10 Gb/s was 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 p-i-n
receiver was improvement by 7 dB resulting in a receiver
sensitivity of 26.2 dBm. The narrow bandwidth of VCSOAs
is a major advantage in this application as out-of-band noise is
eliminated, making an additional optical filter redundant. VC-
SOAs have the advantages of being compatible with low-cost
manufacturing techniques and fabrication of 2-D arrays on
wafer. The design also lends itself to monolithic integration
with, for instance, VCSEL arrays or detector arrays. Tunable
VCSOAs can be realized using the same technologies 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
VCSOAs a very promising technology for a wide range of
applications in future optical communications systems.
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