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Abstract

An experimental study of a broad-area vertical-cavity semiconductor optical amplifier in the 980 nm wavelength
range is reported. We show that the gain and the saturation power in such a device increase as the transverse dimension
of the injected beam is increased. A gain of 16.3 dB with 0.8 nm optical bandwidth and saturation power of 1.4 mW has
been obtained. The polarization sensitivity of the device is also studied. We show that birefringence in the cavity affects
the polarization insensitivity expected in ideal devices as a consequence of the circular symmetry of the cavity. A brief
study of the wavelength dependence of the output transverse profile is also reported.
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Semiconductor optical amplifiers (SOAs) are an
interesting alternative to fiber amplifiers in optical
communication systems, particularly for all the
applications in which low-cost, low power con-
sumption and compact amplifiers are required
such as Fiber to the home (FTTH) applications,
metro-area networks (MANSs), local area network
(LAN), etc. In these applications, in which the
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performances of fiber amplifiers are not required,
the manufacturing cost is one of the most impor-
tant factors, and SOAs can fulfil most of the re-
quirements. Although conventional SOAs have
sufficient single-pass gain to operate as travelling
wave amplifiers, they have poor coupling efficiency
to optical fibers and are typically quite sensitive to
polarization due to their planar geometry. Re-
cently, vertical-cavity semiconductor optical am-
plifiers (VCSOAs) have attracted a strong research
interest [1,2], because they provide a certain
number of advantages respect to conventional
SOAs. The vertical cavity design, in fact, allows
for a better fiber coupling, on wafer testing (re-
ducing the manufacturing costs), the possibility to
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be integrated into 2D array architectures and po-
larization insensitivity.

The single-pass gain in VCSOAs is smaller than
in SOAs because of the shorter active region; to
compensate for this, VCSOAs use feedback, pro-
vided by the cavity mirrors. Therefore, the gain
spectrum of VCSOASs corresponds to the material
gain spectrum convolved with the cavity reso-
nances. Since the mirrors defining the VCSOA
cavity have usually quite high reflectivities, the
gain of the VCSOA strongly depends on the in-
jected wavelength and an amplification is limited
to wavelengths around the cavity resonances. This
effect, which limits the optical bandwidth of the
amplifier, can be reduced by using mirrors with
lower reflectivity, but then also the amplifier gain
decreases [3]. The influence of mirror reflectivity
on the gain of VCSOAs was studied in [4] by an-
alyzing the performances of optically pumped
VCSOAs operating in the 1.3 pm wavelength re-
gion with top mirrors consisting of 12 and 13
Bragg pairs. A gain of 11.3 dB and a corre-
sponding optical bandwidth of 0.6 nm (100 GHz)
were demonstrated for the 12 top mirror period
amplifier for an input signal power of =20 dBm. In
the same paper also a 13 dB fiber to fiber gain is
reported, but the corresponding optical bandwidth
is not specified. For VCSOAs in the 980 nm
wavelength range, a maximum gain of 20 dB and
an optical bandwidth of 0.1 nm were measured for
an input signal of —40 dBm [5].

Another possibility for increasing the optical
bandwidth of VCSOAs is to use broad-area de-
vices. In fact, the larger the device, the lower the
frequency separation between the transverse
modes and for broad-area VCSOAs (diameter of
50 um or more), this separation is so small that
their transverse resonances form a quasi-continu-
ous within the gain curve. Due to its transverse
dimension, broad area VCSOAs would also pro-
vide a wider gain and optical bandwidth, as well as
a higher saturation power compared with smaller
devices.

In this paper we study the performance of
broad-area VCSOAs in the 980 nm range. Al-
though this is not a wavelength used in telecom-
munications, most of the properties that we report
in this manuscript should not depend critically on

wavelength, hence they could also be of applica-
bility whenever broad-area VCSELs at 1300 or
1550 nm become available. In particular, we report
a characterization of the gain as a function of the
wavelength and of the injected power for two
different dimensions of the injected beam spot. We
also study the polarization dependence of the gain,
since VCSOAs are expected to be polarization in-
sensitive due to their cylindrical symmetry. Nev-
ertheless, as we show in this paper, the VCSOA
exhibits polarization sensitivity due to the presence
of residual anisotropies (birefringence and di-
chroism) in the cavity [6]: even though the maxi-
mum gain is almost the same for the two
polarizations (which indicates a low dichroism in
the cavity), the gain curves are displaced by a large
amount in wavelength due to a large birefringence.

Our VCSOA [7] is an electrically pumped,
bottom-emitting, oxide-confined vertical cavity
surface emitting laser whose emission wavelength
is close to 980 nm. The diameter of the circular
oxide window is 50 um, and the optical cavity is
defined by two Bragg mirrors consisting of 17 n-
type and 30 p-type pairs. The active region consists
of three quantum-wells.

The device is not lasing under continuous-wave
(CW) operation. Under pulsed conditions, at room
temperature, the laser threshold corresponds to a
current of 300 mA. In CW conditions, the light-
current curve corresponds to that of an LED
reaching a maximum around 200 mA followed by
thermal roll-over. The VCSOA is biased at 180
mA and operates in reflection mode. For this
current level, the amplified spontancous emission
(ASE) power is 1.5 mW, with a coupling loss of
~0.45 dB to the collimator. The injection beam is
provided by a tunable source that consists in a 980
nm edge-emitting laser with frequency selective
optical feedback through Littman external cavity
and isolated from the other parts of the setup by
means of an optical diode. The output (the zeroth-
order reflection from the external grating) is
injected into the VCSOA (see Fig. 1). The polari-
zation of the injected light can be changed with a
half-wave plate, while the dimension of the in-
jected beam can be controlled with a lens in front
of the VCSOA. The output of the VCSOA is sent
to a polarizer (to resolve in polarization the out-
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Fig. 1. The experimental setup. TS: tunable source, OD: optical
diode, HWP: half-wave plate, L: lens, BS: beam-splitter, FP:
Fabry—Perot interferometer, PD: photodiode, PL: linear pola-
rizer, CCD: CCD camera, M: monochromator.

put) and then to the monochromator (optical
bandpass of 0.05 nm) which allows us to evaluate
the amplifier gain without the contribution of the
spontaneous emission noise.

In the first measurement, the injected beam is
focalised on the VCSOA mirror, such that its
diameter is ~10 um. We fix the position of the
half-wave plate in order to inject horizontal po-
larization and we measure the gain dependence on
the wavelength and the power of the injected sig-
nal. Fig. 2 (open symbols) shows the gain versus
wavelength for an input power of 0.1 mW, while in
the inset is reported the gain maximum versus in-
jected power. We obtain a maximum gain of 12.5
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Fig. 2. Gain versus wavelength for an input power level of —10
dBm focused to a diameter of 10 um (open symbols) and 50 pm
(solid symbols). In the inset, we plot the maximum of the gain
spectrum for different input powers for the two cases (symbols
as above).

dB and an optical bandwidth of 215 GHz (0.7 nm).
The VCSOA gain remains constant within our
measurement error (=0.5 dB) until the injected
optical power approaches 1 mW. The saturation
injected power, corresponding to a 3 dB drop in
the gain, is at ~0.7 mW. The solid symbols in
Fig. 2 correspond to a beam whose diameter is
almost the same than that of the VCSOA (=50
pm). In this case, we obtain a higher saturation
power (3 dB drop at ~1.4 mW) and a higher gain
(16.3 dB) than for the smaller beam. Also the
optical bandwidth is larger (0.8 nm, i. e. 245 GHz),
although its enhancement is smaller than those
observed in the gain and in the saturation power.
In our opinion, the gain enhancement for the larger
beam is due to the larger active medium surface
now involved in the amplification process, together
with the consequent lower injected power density.
Although it cannot be excluded that some degree of
current crowding at the edges of the aperture
contributes to the higher gain, in our device we
have quite a uniform distribution of ASE at 180
mA, with a total variation of less than 5% between
the edges of the oxide window and the center.

It is worth noting that when scanning the
wavelength of the injected field, the profile of the
VCSOA output changes. In fact, the output beam
profile will remain essentially constant only in
small devices (diameter <5 pm) with an structure
that supports just the fundamental transverse
mode, but in this case the optical bandwidth is
limited to the linewidth of the Fabry-Perot mode.
In larger devices that support many higher order
transverse modes, the output profile will in general
depend on the injected wavelength. In broad area
devices, the wavelength dependence of the reflected
beam profile can be enhanced because dispersion
and gain or absorption may dominate over the
transverse boundary conditions. In these condi-
tions, a homogeneous injected beam can yield a
non-homogeneous output due to a modulational
instability originating from stimulated emission
inside the cavity [8]. This is a nonlinear process,
since changes in the carrier density are accompa-
nied by a shift of the cavity resonance through
changes in the carrier-induced refractive index,
which in turn implies a change in the intracav-
ity field producing stimulated emission. Several
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spatial structures like ring and hexagonal patterns
[8], beam filamentation [9] and even the formation
of localized structures [10] can be found depending
on the system parameters.

In Fig. 3 we show, for the same parameters as in
Fig. 2, the evolution of the output profile as the
wavelength of the injected field is tuned. For short
wavelengths (input field to the blue of the maxi-
mum in the gain curve) the transverse profile con-
sists of slightly-modulated ring patterns whose
characteristic wave vector diminishes almost line-
arly as the detuning decreases [11]. Approaching
the gain maximum, the rings start to break, the
length scale of the pattern becomes of the order of
the VCSOA aperture and finally a single, bright
spot remains (see middle right and lower left panels
in Fig. 3). It is worth noting that these patterns are
not simple superpositions of Gauss—-Laguerre or
Gauss—Hermite patterns [11], but that they appear
because of the previously mentioned modulational
instability due to the large diameter of our device,
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Fig. 3. Near-field images for a ~50 um diameter injected
beam. The pumping current is 180 mA and the injected power is
~0.8 mW.

as evidenced by their dependence on the injected
power [12]; indeed, for very low injected powers
only the diffraction rings are observed. As the in-
jection wavelength is further increased, the intra-
cavity field is strongly reduced, the modulational
instability that led to the formation of the patterns
disappears, and the profile of the reflected beam is
essentially that of the injected beam.

A similar sequence can also be observed by
fixing the wavelength and changing the current
injected into the VCSOA, which can be under-
stood as the thermal tuning of the cavity resonance
due to Joule heating of the VCSOA. The length
scale of the pattern does not significantly depend
on the diameter of the injected beam, although for
smaller spots a wider range of transverse wave-
vectors is observed.

The large diameter of our device enables us to
obtain much larger gain bandwidths than previ-
ously reported at the price of a non-constant
output profile. In practical applications this
changing field profile will reduce the fiber-coupling
efficiency. If the coupling losses are too large — or
in applications like wavelength conversion whose
efficiency is always rather small — in-line amplifi-
cation of the signal can be performed in order to
attain acceptable power levels.

We next determine the polarization sensitivity
of the VCSOA. We set the input beam power to
0.1 mW and the beam diameter to ~50 pm, and we
measure the gain spectrum of the device for hori-
zontal and vertical polarizations of the input
beam. The results are shown in Fig. 4, and it can
be observed that although the peak gain and op-
tical bandwidth are almost the same for both po-
larization orientations, the corresponding gain
spectra are shifted by ~0.2 nm. We have checked
that this relative displacement of the two gain
spectra does not depend on the input power, and
in all cases we obtain approximately the same
maximum gain and optical bandwidth for both
polarizations (see inset in Fig. 4). The same mea-
surements for the smaller beam diameter lead to
the same shift of the polarization-resolved gain
spectra. The precision of our measurement does
not allow for determining the gain differences that
might exist due to dichroism in the VCSOA cavity
and which are at most of 0.3 dB.
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Fig. 4. Gain versus wavelength for vertical (open symbols) and
horizontal (solid symbols) polarizations of the input signal
when the beam diameter is 50 um and the input power 0.1 mW.
Inset: maximum gain versus input signal power for the same
conditions (symbols as above).

Such a kind of polarization sensitivity can be
attributed to birefringence in the cavity, which
breaks its cylindrical symmetry and lifts the fre-
quency degeneracy between orthogonally polar-
ized transverse modes. In fact, the polarization
resolved ASE curves of the VCSOA (see Fig. 5)
exhibit the same features as the VCSOA gain
spectra, with a separation between the two max-
ima of 0.17 nm, corresponding to ~50 GHz. The
typical values for birefringence reported in litera-
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Fig. 5. Polarization resolved ASE spectra at the working cur-
rent (180 mA). Open symbols correspond to vertical polariza-
tion and solid symbols to the horizontal one.
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ture range from 5 to 25 GHz [13,14], but also bi-
refringence values as high as 50 GHz have been
measured in oxide-confined VCSELs [15]. As re-
ported in [14], these residual anisotropies can have
their origin in the electro-optic and elasto-optic
effects. The first is due to the electrical pumping of
the device together with the built-in fields at het-
erojunctions due to the different doping levels. The
second is less controllable and predictable, and it
arises due to the presence of residual and unin-
tentional strain in the structure induced either
during growth or due to the mounting and pack-
aging processes. It is worth noting that the ASE
power in the horizontal polarization is slightly
higher than that in the vertical direction by ~7%,
which agrees with the maximum gain difference
between both polarizations that was found before.
This indicates that dichroism is probably not
negligible in this device, as it has been already
noticed in studies of the polarization dynamics of
VCSELs [6,16]. As evidenced by these earlier
studies, dichroism may depend quite strongly on
stress induced during the mounting and packaging
of the device, thus leading to important variations
from one device to the other. Thus, in order to
achieve truly polarization independent gain be-
haviour for VCSOAs, careful mounting of the
devices is needed to avoid stress-induced birefrin-
gence and dichroism.

In conclusion, we have experimentally charac-
terized the properties of a 50 pm active diameter
VCSOAs, operating in the 980 nm wavelength
range. We have presented results for two trans-
verse dimension of the injected beam. When the
diameter of the injected beam is comparable to the
transverse diameter of the VCSOA (50 pm) a gain
of 16.3 dB with 0.8 nm optical bandwidth and
saturation input power of 1.4 mW have been
demonstrated. For beams of smaller diameters, the
peak gain and saturation input power are reduced,
but the optical bandwidth is only slightly affected.
These results confirm that broad-area VCSOAs
can offer substantial gain and optical bandwidth.
We have also found that, although the gain peak
and optical bandwidth in both polarizations are
the same, the VCSOA is polarization sensitive due
to the birefringence of the cavity, which shifts the
gain spectra.
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