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Carrier-Confined Vertical-Cavity Semiconductor
Optical Amplifiers for Higher Gain and Efficiency

E. Staffan Bjorlin Member, IEEEToshio Kimura, and John E. Bowel=ellow, IEEE

Abstract—Vertical-cavity semiconductor optical amplifiers ~the vertical-cavity and the in-plane designs. In a vertical-cavity
(VCSOAs) are interesting devices because of their small form structure, the optical mode passes perpendicularly through
factor, potential low manufacturing cost, high coupling efficiency e ifferent material layers. Consequently, the optical field is

to optical fiber, and polarization-independent gain. In this paper, I lel to th tive | hich kes it ier t
we present an overview of the properties of VCSOAs, as well as aways paraliel 10 ihe active 1ayers, which makes it easier 1o

emerging applications for this new class of devices. We present Obtain polarization-independent gain. It also makes the gain
general design rules and analyze how the mirror reflectivity per pass very small, on the order of a few percent. VCSOAs
affects the properties of the VCSOA. Experimental results of therefore use feedback provided by high reflectivity distributed
carrier-confined, optically pumped VCSOAs operating at 1.3um  gragq reflector (DBR) mirrors. The feedback constricts the
wavelength are presented. The devices were fabricated by wafer . . . .
bonding high-quality AlGaAs distributed Bragg reflectors (DBRs) gain band_W|dth to _the I'_ne_W'dth of the_ Fabry—Per_o_t ('_:P)
to an InGaAsP/InP active region. A carrier-confining structure mode, which essentially limits the operation to amplification
was formed on the active regiorbeforethe top mirror was bonded of a single signal. The narrow bandwidth also filters out
Ei;hd68§3m5|§]- Tlhese tVC'SO'?S ShOE/é t{]gg)igrf\est fileY-tO-fibelr Qait?] out-of-band noise, making VCSOAs ideal as preamplifiers in
and the lowest noise figure (6. of any long-waveleng ; ; G e ;
VCSOAs to date. VCSOASs should find applications as low-cost, receiver mOdlflIeS' The yertlcal cavity Is C.IrCUIar symmetric
single-channel amplifiers, amplifying filters, amplifying switches around the a>_(|s perpendlcular to the two mlrrors _and natur_ally
or modulators, as well as in two-dimensional array applications SUpports a circular optical mode. This yields high coupling
such as optical interconnects. We demonstrate the use of VCSOAsefficiency to optical fiber, which is beneficial for achieving a
for optical preamplification at 10 Gb/s. Using an 11-dB gain |ow noise figure.
VCSOA, the sensitivity of a regular p-i-n detector was increased  Ramarkably little work has been done on VCSOAs. The first
by 7 dB resulting in a receiver sensitivity of —26.2 dBm. SOA was presented in 1963 [1] and the first vertical-cavity sur-
Index Terms—Fabry—Perot (FP) resonators, laser amplifiers, op-  face-emitting laser (VCSEL) in 1979 [2]. Since then, extensive
tical filters, optical resonators, semiconductor optical amplifiers, work has been done on both types of devices but the combi-
surface-emitting lasers, vertical-cavity devices, vertical-cavity - . .
semiconductor optical amplifiers (VCSOAS). qat|on—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.

. INTRODUCTION Koyama, Kubota, and Iga [3] used an electrically pumped

HERE is currently significant interest in amplifier tech-GaAs/AlGaAs VCSEL structure to amplify and filter an in-
T nologies that can provide a cost-effective alternative #6Cted 885-nmsignal. The input signal was injected through the
erbium-doped fiber amplifiers (EDFAs). Potential low-cospottom mirror, which consisted of seven periods SiTO,.
technologies such as erbium-doped waveguide amplifieF§€ output (top) mirror consisted of Au/Si@TIO, /SiO;. The
(EDWAs) and semiconductor optical amplifiers (SOASs) artavorable filtering properties stemming from the high-finesse
being pursued by several companies. An alternative to tM&SEL cavity was recognized; the device was not presented
conventional in-plane SOAs are vertical-cavity semiconduct8f &n amplifier but as an active filter. No fiber-to-fiber gain was
optical amplifiers (VCSOASs). The vertical-cavity design give§btained but about 4-dB internal gain was reported. .
VCSOAs a number of advantages over in-plane devices, such a¥W0 years later, in 1993, an optically pumped reflection
high coupling efficiency to optical fiber, small form factor, lowmode device, also at 850 nm, was presented byeRajl. at
power consumption, and the possibility of fabricating two-dfrance Telecom. It was presented as an amplifying photonic
mensional (2-D) arrays on wafer. Furthermore, the technologyitch. Only pulsed operation was reported [4]. The same
allows for on-wafer testing and is compatible with low-cosgroup introduced resonant pumping in a following generation
manufacturing and packaging techniques. These advantage§&f50-nm devices [5] and in 1996 they presented the first

draw from the fundamental geometrical differences betwetf1g-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 1.55.
Manuscript received February 14, 2003; revised July 24, 2003. The VCSG# e sample consisted of an InP/InGaAs active region with two
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I and different designs are discussed. In Section IV, our most re-
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Fig. 1. Progress in amplifer gain of VCSOAS. 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
their second generation of devices: an electrically pumpeghematically in Fig. 2. In the reflection-mode operation, the
transmission-mode VCSOA with an oxide aperture for currefitgnal is injected and collected from the top, through the top
and mode confinement [8]. Whereas many VCSOAs before tHfgrror. A bottom mirror reflectivity close to unity is desired,
were either merely VCSELs operated below threshold or ve@pd the top mirror reflectivity can be varied to change the prop-
simple designs that required complicated experimental seti@sges of the VCSOA. In the transmission-mode operation both
and pumping schemes, what Wiedenmanal. presented was Mirrors are slightly transmissive. The signal is injected through
a very practical device because of the electrical pumping afifie side and collected on the other side.
transmission mode operation. They achieved 16 dB of gain.The first theoretical predictions of VCSOA performance was
However, the operating wavelength was 980 nm, which is nptesented by Tomblingt al.in 1994 [18]. The model that was
very interesting for telecomm applications. In 1998, Leve¢n used was based on carrier and photon rate equations and the FP
al. at the Royal Institute of Technology (KTH) in Sweden useélquations for a cavity with gain. Karlsset al. used a similar
a 1.55pm VCSEL structure for what was the first electricallyapproach, but also analyzed the detector characteristics of
pumped long-wavelength VCSOA [9]. The device had a¥CSOAs in a 1996 publication [19]. In 1999, Kibar presented
InP/InGaAsP bottom DBR and a Si/SiCtop DBR. They a detailed VCSOA analysis based on small-signal equivalent
measured 18 dB of gain at 218 K not including coupling lossesifcuits and rate equations [20]. In 2000, Pipetlal. presented
the fiber-to-fiber gain was not quoted. The device saturatédmore detailed rate equation model [13]. Of these publications,
very early (less thar-25-dBm saturated output power) and thenly Tomblinget al. [18] analyzed all four important amplifier
bandwidth was extremely narrow, most likely because the dgarameters (gain, gain bandwidth, saturation, and noise figure).
vice was optimized as a VCSEL, not an amplifier. The VCSOMNowever, no experimental results were presented to validate
project at the University of California, Santa Barbara (UCSBheir theoretical model. More importantly, in these early
started in 1999 and lead to the demonstration of the firspin3- theoretical VCSOA papers—as well as in even older in-plane
VCSOA in 2000 [10]. These devices were fabricated usirfgOA publications—the results obtained using rate equation
InP-GaAs wafer bonding, they were optically pumped, ar&halysis and the FP approach did not agree. This disagreement
operated in reflection mode. This first generation was us&hs caused by the omission of interference between the fields
to fully characterize this still fairly new class of devices [11]that traverse the input mirror in both directions. This omission
[12], to develop improved theoretical models [13], [14], antead to an incorrect expression for the mirror loss in the photon
to explore possible applications for VCSOAs [15], [16]. Arate equation. The problem was solved in 2002 by Relyal.
second generation of 1,3 devices with improved efficiency who showed that the mirror loss actually depends on the gain
and record high gain was recently presented [17]. The progrésshe amplifier [21].
in continuous wave (CW) amplifier gain of VCSOAs (not The well-known FP equations for a cavity with gain [22] are
including coupling losses) is summarized in Fig. 1. a convenient tool to model the gain spectrum of VCSOA. In

In this paper, we overview the design, characteristics, attds model, the DBRs are replaced by hard mirrors separated

possible applications of VCSOAs. In Section Il, a broad theordty an effective cavity length, which includes the penetration of
ical VCSOA model is presented. The model is used to derivelee optical field into the mirrors. An incoming optical field is
few useful design rules in Section lll. The effect that the refleconsidered and all field components exiting the cavity are added
tivity of the mirrors has on the VCSOA properties is analyzedogether 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 tha@rror loss, which depends on the amplifier gain. The mirror
input power. The gain for transmission mgdé ) and reflection loss is calculated using [21]

mode(G,.) operation are given by 1 G, + Gy
m =— | =————— | -Ings. 7
(1- R)(1— Ry) LG+ G~ 1

Gy = t2 b/9s — Q) The rate equations contain a large number of unknown ma-

(1= VRiRygs)” + 4V R Rygs sin® ¢ terial and design specific parameters. In order to obtain reliable
(VR: — /—qus)2 + 4Ry Ry g, sin? ¢ results, as accurate values as possible have to be found for these

r= — — 2 (2)  unknown parameters. The FP equations also contain a few un-

(1 -V RtRng) + 4V R Rygs sin” ¢ knowns, albeit fewer than the rate equations. The results ob-

tained using the FP equations are therefore more general. The
reflectivity, g, is the single pass gain, antlis the round-trip calculations presented in the next section are based on the design

hase detuning normalized to the cavity resonance. Note tﬁf %he devices presented in Section IV and a gain model calcu-
b . 9 . Vit e . I%ﬁed using an advanced laser simulation software, as described
the gain of a transmission mode device is independent of t|

direction of signal propagation through the devices s set |ne[13]. The rate equations were fitted to measured gain satura-

equal to zero, (1) and (2) can be used to calculate the peak gg%n data in order to find viable values for the unknown param-
From (1) and (2), expressions for calculating the bandwidth ate > The coupling efficiency of pump light into the VCSOA,

readily obtained. The gain bandwidth (full-width at half-max31 1 defect recombination were used as fitting parameters.
: : The aim of this paper is to show general trends; all details of the
imum—FWHM) for the two cases are given by

theoretical model outlined above can be found in [23].

whereR; is the top mirror reflectivity,R; is the bottom mirror

213
Af, = —S . aresin [(1‘— VR Rygs) ] 3) lll. VCSOA DESIGN
L W R A. Gain and Gain Bandwidth
Af, = £ _ . arcsin [4 RiRyg, (% The model described above can now be used to calculate how
mnl (1 = VRiRygs) ) properties of VCSOAs vary with changes in some key design
2 B parameters. The balance between gain and reflectivity is central
- (VR: — VRy)? 4 invcsoa design. By plotting the amplifier gain versus mirror

reflectivity for different values of single-pass gain, and for op-

wheren is the refractive index of the cavity, is the effective eration as close to threshold as desired, the best operating point
cavity length, and is the velocity of light in vacuum. for a given active region design can be found. Fig. 3 shows gain

Rate equations are used to model the interaction betwg@attom) and gain bandwidth (top) versus mirror reflectivity for
photons and carriers in the amplifier cavity. Compared to thetransmission mode VCSOA. One mirror reflectivity is held
well-known rate equations commonly used to analyze laseggnstant ab.95 and the reflectivity of the other mirror is repre-
the rate equations for amplifiers have an additional term for teented on the-axis. It is assumed that the maximum single-pass
input signal. Furthermore, the mirror loss has to be modified gain that can be reached is 8%. This assumption is based on the
mentioned above. The rate equations for carriéfsgnd pho- design of the active region of the VCSOASs presented later in this

tons (5) then take the following form: paper, which had 21 InAs;Py 5 QWSs. Four pairs of curves rep-
AN resenting constant single-pass gains of 2%, 4%, 6%, and 8% are
T Ggen — Lenh¥9gS — (AN + BN? + CN?) (5) shown. These curves were calculated using (1) and (3). The FP
is P, modelis only valid below lasing threshold, which is given by the

— = + STBN? + Fennl'vggS — (o + am)vyS. (6)  conditiongs Ry Ry = 1. The signal gain goes toward infinity and

dt RV the gain bandwidth goes to zero at lasing threshold. Also shown
The firstterm on the right-hand side of (8),.., iS a carrier-gen- are gain curves at 95% and 90% of the pump power required
eration term that is different depending on whether electric reach lasing threshold. Those curves were calculated using
or optical pumping is used. The second term is the stimulatdte rate equations. The curve corresponding to a single-pass
recombination and the last term summarizes all recombinatigain of 8%, together with the 95% of threshold curve, mark the
processes that do not contribute to amplification of the signahaximum amplifier gain that can be obtained. These curves are
I'.nn is the gain enhancement factoy, is the group velocity, shown as solid lines. The point at which they cross represents
and g is the material gainAN is the defect recombination, the optimum mirror reflectivity and the highest possible ampli-
BN? is the spontaneous emission, afidV? is Auger recom- fier gain. For the case of transmission-mode operation and the
bination. The first term on the right-hand side of (6) describestive region used here, the optimum reflectivityis, which
the injection of the input signal into the cavity. The secondives a gain of about 30 dB. To the left of this point, the max-
term is the spontaneous recombination, the third term the stiimum gain is limited by the maximum material gain (in this case
ulated recombination, and the last term is the loss of photomssumed to be 3500 cmh). Lasing threshold cannot be reached,
7 is the coupling efficiency into the VCSOAR; is the input and the active region can be pumped to full population inversion
signal powerhv is the energy per signal photoW, is the ac- forlow-noise performance. To the right of the crossing point, the
tive volume, is the spontaneous emission coefficidnts the VCSOA performance is limited by lasing threshold. The dashed
confinement factory; is the average cavity loss, angl, is the 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 constafitd: 4. Peak gain and gain bandwidth versus top mirror reflectivity for
at 0.95. The solid lines in the bottom half of the figure indicate maximunf€flection mode operation. The bottom mirror reflectivityig99.
achievable gain. The dashed curves indicate trends.
when the signal power is increased or when the VCSOA is op-

gain and operation further away from lasing threshold. The gagnated close to threshold in which case the amplified sponta-
curves for constant single-pass gain are the most general as thegus emission (ASE) causes gain saturation. The saturation
only needed three input parameter®-Ry, andgs. The band- input power is defined as the input signal power for which the
width curves are not as general as they require values for tjgn drops by 3 dB from its small-signal value. The satura-
length and refractive index of the cavity. The curves calculatéidn properties of the VCSOA can be modeled using the rate
using the rate equations are the least general as they involwegaation approach. For high saturation power (and high output
number of design-specific parameters. Fig. 4 shows gain goaolwer) it is clearly desirable to maintain a large carrier density
gain bandwidth versus top mirror reflectivity for the case of rée photon density ratio as the signal power is increased. This
flection mode operation. For this case, the bottom mirror reflecan be achieved by making the active volume large and reduce
tivity is 0.999. Optimum mirror reflectivity and highest possiblethe photon cavity lifetime (lower photon density) and pump the
gain as suggested by the graph are in this case &l®iuand 35 device hard (high carrier density). The drawback is that high
dB. The single-pass gain needed to achieve high amplifier ggain in a large active volume leads to higher power consump-
is higher for transmission-mode operation because of the higlien. Saturation input power versus unsaturated gain for trans-
combined mirror loss. mission- and reflection-mode operation are shown in Figs. 5

Figs. 3 and 4 give the impression of a tradeoff betweend 6, respectively. As the pump power is increased, the gain in-
gain and bandwidth. However, this is only true for a constanteases due to the increased carrier density. The increase in gain
single-pass gain, such as the maximum gain in the low-nesults in increased photon density. This causes the gain to sat-
flectivity regime. In the high-reflectivity regime, where theurate earlier, except for the case of high gain at very low mirror
performance is limited by lasing threshold, decreased reflaeflectivities. Depending on the slope of the curve, the satura-
tivity allows for stronger pumping and thereby higher gairtion outputpower may decrease, stay constant, or increase. This
Because of this tradeoff, the gain—bandwidth product is varies along the curves, but depends on the specific VCSOA de-
good figure of merit for VCSOAs. It is defined as the squarsign as well.
root of the gain times the bandwidth. It can be shown that
the gain—bandwidth product increases with decreased mirfor Noise Figure
reflectivity for both transmission and reflection mode operation The noise figure of an optical amplifier describes the

[14]. signal-to-noise ratio (SNR) degradation as a signal passes
. through the amplifier. This makes the noise figure one of
B. Saturation Power the most important properties of optical amplifiers for their

As the photon density in the cavity is increased, the gaapplications in optical communication systems. The noise
medium eventually saturates and the gain drops. This occligaire of VCSOAs can be analyzed using the same methods
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Fig. 5. Saturation input power versus unsaturated gain for transmission-m SFihe devices presented later in this paper.

operation.
10 beat noise is the main contributor to the output noise. The
i output ASE, and hence the signal-spontaneous beat noise is
€ 5 i greatly affected by the mirror reflectivity.
% i Considering signal-spontaneous beat noise to be dominant,
E A the noise factof’, defined as input SNR over output SNR (the
% 0r noisefigure is defined as NF= 10log(F') and expressed in
o i decibels), is given by = 2n,,x(G — 1)/G, which for high
‘é_ -5 signal gain(G > 1) reduces toF' = 2n,,x. Here,n,, is
c the population inversion parameter apds the excess noise
S 10l coefficient, which describes signal-spontaneous beat noise en-
5 I hancement due to finite mirror reflectivity. takes a value of
§ [ one for zero reflectivity (the case of traveling-wave amplifiers)
8 157 and values higher than one for finite mirror reflectivities. An
excess coefficient of one can be obtained for VCSOAs if the
-20 ' — ! — mirror reflectivities are chosen properly [12]. For a reflection
0 5 10 15 20 mode devicey depends only on the bottom mirror reflectivity,
Unsaturated gain [dB] which should be as high as possible. A bottom mirror reflectivity

over0.999, which is easily obtained using DBR mirrors, yields
Fig. 6.‘ Saturation input_ power versus unsaturated gain for reflection mo%ez 1. For the case of transmission-mode operation, Iow-input
operation. The bottom mirror reflectivity £999. . Lo . . L

mirror reflectivity is desired in order to minimizg. The pop-

ulation inversion parameter;, equals one for complete inver-
as for in-plane FP amplifiers [24]. The total output noise frorsion and higher values for incomplete inversion. It is desired to
an optical amplifier consists of several different noise terntperate at as high carrier density as possible in order to mini-
of different origin. The terms contributing to the total noisenizen,. A problem inherent to FP amplifiers is that the strong
are: beating between ASE components and the coherent signahping needed to minimize,, could result in lasing if the
light, beating between different ASE components, and shaiirror reflectivity is too high. It is, therefore, of utmost im-
noise due to both signal and ASE. The input signal might alpmrtance that the mirror reflectivities are low enough to allow
have some excess noise and the receiver adds thermal ndigeinversion without the onset of lasing. Fig. 7 shows calcu-
Spontaneous-spontaneous beat noise is independent of laed noise figure at 90% of threshold versus mirror reflectivity
input signal power and is the dominating term at low-sign@R?; x R;) for the devices presented later in this paper. An ex-
power. This term depends on the optical bandwidth of the ASess noise coefficient of one was used in the calculation. Only
spectrum. For this reason, a bandpass filter is normally us&gnal-spontaneous beat noise is included in the calculation be-
after the optical amplifier in order to minimize the amount ofause it dominates over spontaneous-spontaneous beat noise by
ASE reaching the detector. This is not needed for a VCSOA asleast one order of magnitude for input signal power evé5
the spontaneous emission bandwidth is limited by the FP cavit\Bm. A noise figure of about 4 dB can be expected for a re-
Signal-spontaneous beat noise and shot noise increase Wiléhtivity of 0.85. For any practical application, the critical pa-
input-signal power. At high signal powers, signal-spontaneotsmeter 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 that provide periodic gain that matches the standing-wave
loss associated with coupling of the signal into the VCSOA (ipattern in the cavity. This stacked-MQW active region design
logarithmic units, the input coupling loss is simply added to the a very attractive design to achieve the high single-pass gain
noise figure). VCSOAs have superior coupling efficiency coomeeded for VCSOAs. The long-wavelength devices presented
pared to in-plane devices and can therefore be expected to slsowfar have all used InGaAsP-based QWs [6], [9], [10], [17].
better fiber-to-fiber noise figures. In long-wavelength VCSELSs, significant progress has been

To summarize the theory trends, strong feedback, i.e., higlade recently using AlinGaAs QWs for 1.5%r emission
mirror reflectivity, leads to high gain for a given value of25], GalnNAs grown on GaAs for 1.8m [26], and Sh-based
single-pass gain, but the gain is limited by a lasing threshoktructures [27]. AlinGaAs provide improved high-temperature
It also leads to poor noise figure and early saturation. Centg@rformance due to its larger conduction band offset and
to the design of VCSOAs is the balance between the gaBalnNAs has the advantage of being lattice matched to GaAs.
provided by the active region and the reflectivity of the twdo VCSOAs have yet been reported using these materials.
mirrors. For optimum performance, it is desirable to use mirror The typically large number of QWs needed to reach high
reflectivities that are high enough to yield high signal gain, bgiain and high saturation power makes it difficult to achieve uni-
low enough to allow operation at high carrier density withoubrm carrier distribution throughout the wells using electrical
lasing to occur. This condition gives the highest possiblajection. Optical pumping is an attractive way to pump VC-
amplifier gain and gain—bandwidth product, the highest sat8OAs for a number of reasons. Optical pumping generates car-
ration output power, and the lowest noise figure. It is easier tiers in the QWSs, without the need of transporting the carrier
achieve good amplifier characteristics in devices optimized fthrough the structure. This results in very uniform carrier distri-
reflection-mode operation. The combined mirror loss is lowdaution throughout a large number of QWSs. It also allows the
compared to transmission-mode operation, so good signal gairiire structure to be undoped, which simplifies growth and
can be achieved for lower single-pass gain. Reflection-mopeocessing, and minimizes optical losses. Furthermore, optical
operation might also be a more cost-effective approach sinm@mping can generate uniform carrier distribution across a lat-
the fiber alignment, which is a very difficult and costly step irerally large active region. Several high-performance long-wave-
the manufacturing, is reduced from two fibers to one. Howevédength VCSELs have been presented that use optical pumping
the input and output signals need to be separated. The sepg@}, [29]. To maintain a small footprint, device and pump laser
tion calls for an additional component (coupler or circulatorzan be packaged in the same package, or even integrated into
which adds complexity, cost, and signal loss. Operation ithe same structure [28].
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 mightTwo generations of VCSOAs have been developed at UCSB.
ultimately depend on the intended application for the VCSOARoth generations operated at J:B signal wavelength and

. . . were optically pumped by a 980-nm laser. Both generations

D. Active Region Design comprised a stacked InGaAsP/InP active region wafer bonded

The development of VCSOAs has benefited greatly froto two Aly.¢Ga 1As/GaAs DBRs. The active region had
VCSEL research over the past decade. Materials and processhrge sets of seven compressively strained /s ; QWSs
technologies developed for VCSELSs can be directly applied sorrounded by strain  compensating o G P barriers.
VCSOAs, and the design of the two is in many ways similafhe three sets of QWs were positioned on the three central
The main difference is that strong feedback is desired fetanding-wave peaks in the 5R-cavity to maximize the
VCSELs in order to minimize the required threshold current. loverlap of the optical mode and the QWSs. The wafer bonded
VCSOAs, on the other hand, reduced feedback is advantageimtisrfaces were placed at nulls in the optical field in order
in order to enable high gain without the onset of lasing. Thers minimize scattering losses at the interfaces. Details about
fore, VCSOASs require higher single-pass gain and lower mirrarafer bonding are reported elsewhere [30]. Both generations
reflectivity than VCSELs. The different VCSOAs presentedf devices were designed for reflection-mode operation; the
over the past decade have shown great diversity in design dmttom DBR had 26 periods, giving a calculated reflectivity of
materials. Some have been optimized as amplifiers; some werg99. They were made from the same active region material
merely VCSELs operated below threshold. Some structuresfacilitate a quantitative comparison of the two designs. The
were all-epitaxial, some used deposited insulating DBRfirst generation was a gain-guided, planar structure where the
and some used wafer bonding to combine long-wavelend#teral dimensions of the active region were defined by the spot
InP-based active regions with high-reflectivity AlIGaAs DBRssize of the pump laser beam. The results from these devices
Buried active regions, ion implantation, and oxide apertur@gere in good agreement with theoretical predictions [11]. High
have been incorporated into the designs. Almost all of tlgain (13.5 dB, fiber-to-fiber) and high saturated output power
presented devices rely on multiple quantum-well (MQW}-3.5 dBm) were obtained. However, the planar structure
active regions to provide the high single-pass gain needaltbwed the generated carriers to diffuse laterally in the QWs,
to reach sufficient amplifier gain. Only one device, the firsbut of the active region. This resulted in low efficiency. In order
VCSOA [3], used a bulk active region. Several designs include improve the efficiency in the second-generation VCSOAs,
a longer cavity with two or more stacked MQW active regionsarrier confinement was introduced. A simple way to achieve

IV. FABRICATION AND EXPERIMENTAL RESULTS
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Input and output
1.3 um signal

of the device. However, the etched sidewalls allow carriers active region
to recombine at surface states, which can compromise th undoped
effectiveness of the carrier confinement. The degree to whicl AlGaAs DBR —_——
surface recombination affects the carrier density in the activt 1np

region depends on the materials in the active region, the qualit cladding ——

of the sidewall surface, and the dimensions of the etched mes 'avers %

The sidewall recombination is lower in InGaAsP/InP than in Undoped
the AlGaAs/GaAs material system [31]. The surface recombi- AiGaAs DBR
nation states are created by the termination of the lattice. Th

dry etch used to form the mesas and the subsequent surfa

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] 6iy. 8. Schematic of carrier-confined wafer-bonded VCSOA.
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 QWSs, 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 QWSs. During the second bond, InP from
the layers surrounding the QWs migrates to smooth the sté:ﬁ% S.
in the sidewalls, thereby covering the QW edges. This mass
transport of InP significantly reduces sidewall recombinatiol
In addition to the intended creation of a buried heterostructu
it is advantageous for thermal reasons to have large InP lay A
surrounding the QW. Any heat generated in the QWs wi__, 15 [
spread to the surrounding InP layers. A larger volume of Irg
is simply a more efficient heat sink. The top mirror was a 10. @
period Al 9Gay 1As/GaAs DBR with a calculated reflectivity 3, 10 |-
of 0.918. A schematic of the carrier-confined VCSOA structur g,
is shown in Fig. 8. A scanning-electron micrograph (SEM) c-g
the cross section of the finished device is shown in Fig. 9. <

A 980-nm laser diode was used to pump the VCSOAs throu
the substrate and bottom DBR. The pump beam was focus
down on the VCSOA active region using free-space optics, tc N
spot size of 8.§im. A 1.3um external cavity tunable laser was 0 10 20 30 40 50 60
usgq as signal source. A single-mode fiber z?md alens were u Pump power [mW]
to inject the 1.3um signal through the top mirror of the device
and to collect the output signal. The spot size of the signal wei§. 10. Fiber-to-fiber gain and noise figure versus pump power fprd-
about 8.3:m. The input and the output signals were separatéi@meter carrier-confined VCSOA.
by means of an optical circulator. The total coupling loss (in-
cluding loss in the circulator) was about 7 dB. An optical spe®ots are measurements, the solid line is a curve fit based on the
trum analyzer was used to monitor the output signal. Alignmerdte equations. The input signal power w30 dBm. The max-
of the pump and signal beams to overlap with the carrier-coimum fiber-to-fiber gain was 17 dB, measured for a pump power
fining mesas was critical to device performance. The pump spft50 mW. Considering a total coupling loss of about 7 dB, the
diameter was 0.pm larger than the signal, which gave enouginternal VCSOA gain was about 24 dB. Also shown in Fig. 10
alignment leeway to achieve good pump-signal overlap. Thethe fiber-to-fiber noise figure. The circles are measurements,
best results were obtained with VCSOAs withuf diameter the dashed line is a guide to the eye. For a pump power of 50
mesas—~0.2:m larger than the pump spot size. mW, a noise figure of 6.1 dB was measured. The gain spectrum

Fiber-to-fiber gain versus pump power for a carrier-confineaf the same device is shown in Fig. 11. Dots are measurements,
VCSOA with a 9um diameter active region is shown in Fig. 10the line is a curve fit based on (2). The gain bandwidth for a

carrier confinement is to etch mesas through the active layer InGaAsP lT

Undoped
GaAs substrate

980 nm pump

20 ————— 20

Noise figure

[gp] ureb 1aqu-0}-19q14
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207 T T l ' need over 100 mW of pump power to give 10-dB gain, whereas
A the carrier-confined design only needed 33 mW. This corre-
— 15 sponds to a three-fold improvement in efficiency. The planar de-
m ] ; . .
T, i sign could not be brought to lasing threshold at that reflectivity.
£ 10l The 9um-diameter carrier-confined device lased at 60 mW of
S i pump power. The fact that lasing threshold can be reached sug-
o i gests that the QW gain is now high enough so that the top
;:‘TE St mirror reflectivity could be further reduced. This would result
£ in higher saturation power, lower noise figure, and probably
o Of even higher amplifier gain. Unfortunately, the underetch created
f i slightly noncircular active regions, which resulted in a small po-
5[ larization-dependent gain in the smallest devices. However, this
i ] can easily be avoided through optimized processing. The three-
0 L L folq improvemgntin efficiency and the fact thqthigheramplifier
1290 1290.5 1291 1291.5 1292 12025 9ain was obtalneg with t.he second-generatlt_)n VCSOAs con-
Wavelength [nm] firms thqt the carrier confinement hgd a great |mpagt on the lat-
eral carrier loss. The exact composition and crystalline structure
Fig. 11. Gain spectrum at 15-dB peak gain. The gain bandwidth is 0.2 nm @Ethe material povgrlng the QW edge,s CO,UId not be established,
GHa). 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
W71 1 the cladding layers filled in the steps in the sidewalls during the
' . second wafer bond, effectively creating a buried heterostructure.
120 o ] In-plane buried heterostructure lasers fabricated by mass trans-
E- 100 | . Planar VCSOAS ﬁ p_ort have alreac_iy been demoqstrated [34]. Wafer bonding pro-
€ I e ] vides an attractive way to fabricate buried-heterostructure VC-
‘g’ 80 [ RN ] SOAs and VCSELs, as it gives the freedom to process the active
g — ".\\_Q . 1 region before the structure is completed.
S 60 f RN
E I
a 40 j“"‘-\__A 9-pm carrier confined VCSOA ] V. APPLICATIONS
20f T ] There are a number of potential applications for VCSOAs.
T Compared to other amplifier technologies, the VCSOA band-
ol [ ‘ ! ! width is very narrow and the saturation power relatively low.
0.9 0.92 0.94 0.96 0.98

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
Fig. 12. Pump power required_to reach 10 dB of gain for carrier-confingd Compatible with low-cost fabrication and packaging tech-
VCSOA compared to planar devices. . . . ..
nigues. A property that is a disadvantage for one application
might be the enabler of another. The narrow gain bandwidth,
peak gain of 15 dB was measured to be 0.2 nm (32 GHz). Tfo¥ instance, hinders amplification of multiple channels but pro-
saturation output power for a small-signal fiber-to-fiber gain ofides filtering and channel selection. VCSOAs can potentially
15.5 dB was measured to bé& dBm. The results presented herde used wherever a compact, low-cost, single-channel amplifier
are the best results achieved from one fabrication run. The péslkieeded. There are many instances in wavelength-division
signal gain of devices with the same mesa diameter, on the samdtiplexing (WDM) networks where the channels are split
sample, varied by about 3 dB. The results are in good agreemeptand amplified or processed individually. A reason for this
with theoretical predictions. This generation VCSOAs was d&s the importance of maintaining equal signal power in all
signed to investigate the effect of the carrier confinement; titbannels. VCSOAs are ideal for these applications. VCSOAs
mesa diameter of the devices varied over a fairly wide rangean also be integrated in high-density 2-D array architectures.
No arrays of identical VCSOAs were fabricated. This is not possible with in-plane SOAs or fiber amplifiers. It is
Fig. 12 compares the performance of the two generationsinferesting to note that in most of the VCSOASs publications to
VCSOAs. The pump power required to reach 10 dB of fiber-takate the multifunctionality of these devices have been stressed.
fiber gain is plotted versus top mirror reflectivity. For the planafhe devices have been presented as amplifying filter [3],
devices, the lowest required pump power needed for 10-dB gaimplifying switch [4]-[6], [15], amplifying detector [9], etc.
was about 70 mW, for devices with relatively high top mirror re©ptical bistability in FP SOAs is a well-known phenomenon
flectivity. The top mirror reflectivity of the carrier-confined VC- that may enable the realization of all-optical logic and memory
SOAs wad).918. At that reflectivity, the planar design wouldelements [35]-[37]. The short cavity length of VCSOAs and

Top mirror reflectivity
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the possibility of fabricating 2-D arrays are suggested adva
tages for this application [36]. Optical bistability was recenth  10° T
observed in a reflection-mode VCSOA [37].

VCSOAs may find use in free-space optical interconnec  10°
[20]. The attributes of VCSOAs that make them attractive fc ¢,

without
VCSOA
preamplifier

this application are their circular beam profile, low power con® 107 T g‘é’éOA
sumption, and compatibility with 2-D array architectures. Prc 'é s | preamplifier
posed applications are as modulators, preamplifiers, or bus g 10

As modulators, they are an alternative to MQW electrooptig 10° T

modulators. Better extinction ratio and low-voltage operatio 7dB

are here foreseen advantages [38]. An array of preamplifiers 10T
tegrated with a receiver array would ease the requirements 4511 1
both transmitters and receivers. This would lead to decreas
power dissipation, which, in turn, would enable higher intercor i i !
nect density [20], [39]. The optical bus, or repeater, can serve 32 30 28 26 -24 22 20 -18 -16
detector and amplifier in interconnects between multiple boar
Part of the signal is detected and part is passed through to
next board. The amplifier compensates for coupling loss al
power absorbed by the detector [40].

Using SOAs for switching/modulation of signals is attractive
because of their fast gain dynamics, typically large extinctic
ratio, and the fact that amplifier gain compensates couplir
losses. The gain dynamics enable subnanosecond switch
time, which is needed in future all-optical packet-switche
systems. The use of in-plane SOAs for switching has be:
extensively studied [41]-[43]. Limiting factors for in-plane
SOAs are polarization dependence and accumulation of A¢
as switches are cascaded into switch matrices [43]. The ¢
cumulation of ASE can be mitigated by the filtering effect of
the narrow VCSOA bandwidth. No multiport switches baseidg. 13. BER versus received power for VCSOA-preamplified receiver. The
on VCSOAs have yet been demonstrated but the SWitChiﬁ%f diagram shows the received preamplified signal at a BER of .
properties of individual VCSOA elements have been studied.

A vertical-cavity amplifying switch operated in reflectionis normally added after the amplifier for this application, some-
mode at 1.55:m wavelength has demonstrated a switchinghing not needed if VCSOAs are used as their narrow bandwidth
time of 10 ps and an extinction ratio of 14 dB [6]. At 181, makes them function as amplifying filters. The low saturation
a reflection mode VCSOAs demonstrated similar switchingower of VCSOAs is not a problem for optical preamplification
times and 35-dB extinction ratio [15]. The switching propertiess the signal power reaching the receiver is typically optimized
of transmission mode VCSOAs have not yet been investigated.a lower level than the saturation power of a VCSOA.

There have been several reports on VCSOA modulatorswe have investigated the feasibility of using our reflection
[38], [44]. Small-signal modulation at 2.5 Gb/s with 5.5-dBnode VCSOAs for optical preamplification at 10 GB/s. We
fiber-to-fiber gain was reported in [44]. 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 LiNp®lach—Zehnder
modulator. The optically preamplified receiver consisted of

Using VCSOAs for optical preamplification might be one othe VCSOA, a Nortel PP-10G p-i-n receiver, a dc block, and
the most interesting applications for these devices. At higher bit electrical broad-band amplifier. The electrical signal from
rates (10 Gb/s, 40 Gb/s, and beyond) avalanche photodiodestheeSHF amplifier was fed to a bit-error rate (BER) tester. No
limited by their gain—bandwidth product. Optical preamplificaeptical filter was used between the VCSOA and the p-i-n de-
tion is a way to increase the sensitivity of a regular p-i-n deector. The receiver sensitivity was measured with and without
tector without compromising its high-speed performance. Otite VCSOA preamplifier. A 10-Gb/s nonreturn-to-zero — 1
tical preamplification has been demonstrated using other apseudorandom bit sequence was transmitted to the receiver
plifier technologies (in-plane SOAs [45], EDFAs [46]) but VC-and the BER was measured. The BER versus average received
SOAs have some clear advantages. Desired properties for thpsical power is shown in Fig. 13. Without the VCSOA, the
application are good noise performance and polarization-indeceiver sensitivity corresponding to a BERI6f ® was—19.2
pendent gain, which are areas of difficulty for in-plane devicedBm. With the VCSOA operating at 11-dB fiber-to-fiber gain,
Also desired are low power consumption, compactness, and Itive receiver sensitivity was improved by 7 dB, resulting in a
cost, properties that are not associated with fiber amplifiers. V€ensitivity of—26.2 dBm. No error floor was observed. The eye
SOAs can meet all these criteria. Furthermore, an optical filtpattern at a BER of0~? is also shown in Fig. 13. Excess noise

Received power [dBm]

A. Optical Preamplification
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from the optical amplification is visible in the high level. The 207 ' ' I 1220
4-dB power penalty is caused by the high noise figure of tt 4
VCSOA used in the experiment. The device was a planar stri__ 200
ture as described above with a top mirror reflectivity of 95.59%8 15 | o

.. . . . ] L Amplifier gain 1180 O
At that reflectivity, the population inversion—and thus nois ¢ c
figure—that could be reached was limited by lasing thresho g, bt ,"\ N 1160 -g
(the noise figure was estimated to be higher than 10 dB). T g 40 | [ S O S e 3
gain bandwidth was measured to be 37 GHz. This bandwica‘;’ a " 140 %
allows for bit rates up to 33 Gb/s. Wider gain bandwidth, whicS | 4a —_
can be achieved by decreasing the pump level or lowering 12 5| 4 A Pump power 1120 %
mirror reflectivity, would allow for transmission at higher bitic | A
rates. The carrier-confined VCSOAs have not yet been used I 4 1100
any transmission experiments, but the receiver sensitivity (1 LA
the same p-i-n detector) can be calculated from the measu  © ‘ ' ‘ ‘ 80

1308 1310 1312 1314 1316 1318

gain and noise figure of those devices. Using the best rest Wavelength [nm]

of carrier confined devices, fiber-to-fiber gain of 17 dB and «
n0|se_ figure of 6.1 dB, a rece'v_er sensitivity at 10_Gb/5"m_ . Fig. 14. Temperature tuning of VCSOA. 10 dB of fiber-to-fiber gain over 8
dBm is calculated. For comparison, the best receiver sensitiviky is demonstrated.

reported for an avalanche photodiode (APD)-i28.0 dBm

[47]. input signal l

top mirror
—_— support

gain region

B. Tunable Amplifiers tunable

. . : . VCSOA )
As mentioned earlier, the narrow gain bandwidth of VCSOAs _—— bottom mirror

is an advantage for optical preamplification as it eliminates the .= 7 contacls
need for an optical filter before the detector. However, if the ——— PIN detector

signal wavelength is only slightly off from the peak gain wave-
length of the VCSOA distortion of the signal might result. This
can be demmemal inany VCSOA appll_catlon. Furthermore, ﬂ&le 15. Schematic of future device. A tunable amplifying filter is

wavelength requirements on sources in low-cost course WDA@nolithicaHy integrated with a detector to form a channel-selective
systems is fairly loose, which has to be accommodated by tiveamplified high-speed receiver.

amplifiers in the system. It is therefore of great interest to make

tnable VCSOAs that can cover a wider wavelength range ﬁstems. This could be either single devices or 2-D arrays for

be very precisely adjusted to match the wavelength of the signal. applications

The simplest approach to tune the peak wavelength ofa VCS
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. MICSOAs are a relatively new class of devices with unique
shows the tunability of our planar VCSOAs. 10 dB of fiber-toproperties. The vertical-cavity geometry gives VCSOAs a
fiber gain over 8-nm tuning range is demonstrated. The inppimber of advantages over the in-plane design such as po-
signal power was-30 dBm. To achieve this tuning, the temperalarization-independent gain and a circular-symmetric optical
ture was changed from 1% to 70 C. The pump power used atmode; the latter yields high coupling efficiency to optical
each temperature is also shown in Fig. 14. OvérCQsufficient fiber, which is instrumental in achieving a low noise figure.
gain could not be reached even though the pump power was@oempared to conventional in-plane SOAs, they have much
creased. At temperatures lower thar? T5 it might be possible lower gain per pass and therefore use feedback provided by
to expand the tuning range. However, it was not possible to imirrors to enhance the signal gain. The balance between the
vestigate this with the present setup. To achieve a greater tuniatiectivity of the mirrors and the gain provided by the active
range, tunable VCSOAs could be realized by employing micreegion is the central issue in VCSOA design. The reflectivity
electromechanical systems (MEMS), similar to what is beingf the two mirrors has a large impact on all properties of
used for tunable VCSELSs [29]. the amplifier, and must be chosen carefully. The reflectivity
One potential path for the future development of VCSOAs &hould be high enough to provide sufficient feedback so that
toward integration with other devices, e.g., VCSELSs, detectotigh amplifier gain can be reached, but low enough so that
etc. The vertical access and array compatibility are here cldasing threshold cannot be reached when the single-pass gain is
advantages. One example of an interesting possibility for a faraximized. This gives the highest possible amplifier gain, the
ture device is shown in Fig. 15. Itis a tunable VCSOA integratddghest saturation power, and the lowest noise figure.
with a photodetector. This device takes full advantage of the fil- We have designed and fabricated two generations of long-
tering properties of VCSOAs and would be very attractive asveavelength VCSOAs. Both generations of devices were opti-
tunable, wavelength-selective receiver for application in WDMally pumped and operated in reflection mode. Wafer bonding

VI. SUMMARY
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was used to combine InGaAsP-active material with high-quality12] E. S. Bjérlin and J. E. Bowers, “Noise figure of vertical-cavity semi-
AlGaAs DBRs. Wafer bonding gives the opportunity to process
the active region of the devices before the structure is co

pleted. This opportunity was used to etch a carrier-confining

structure through the active region of the devices. During th

QWs, thereby minimizing carrier loss through sidewall recom-

bination. The carrier confinement resulted in a threefold effi-[15]
ciency improvement and an increase in maximum gain com-
pared to planar devices. The results of the carrier-confined deze]

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 thi§17

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[18]

sensitivity of —26.2 dBm. The narrow bandwidth of VCSOAs

is a major advantage in this application as out-of-band noise i
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 on20l

wafer. The design also lends itself to monolithic integration

with, for instance, VCSEL arrays or detector arrays. Tunablg21]
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, makdg3l

VCSOAs a very promising technology for a wide range of

applications in future optical communications systems.
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