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Gain-Dependent Polarization Properties
of Vertical-Cavity Lasers

Kent D. Choquette, Richard P. Schneider, Jr., Kevin L. Lear, Member, IEEE, and Ronald E. Leibenguth

Abstract—We show that the partitioning of power into the two
orthogonal eigen polarizations of infra-red gain-guided vertical-
cavity lasers depends upon the relative spectral overlap of the
nondegenerate polarization cavity resonances with the laser gain
spectrum. Furthermore, at the condition where the polarization
resonances and the peak laser gain are aligned, abrupt switching
of power between the eigen polarizations is observed as the gain
sweeps through the polarization resonances. The gain-dependence
of the polarization requires spectral splitting between the eigen
polarizations, which is found to be strongly influenced by local
strain. The polarization of the fundamental and higher-order
spatial modes can be selected and maintained for all InGaAs
vertical-cavity lasers in a wafer simply by employing a 20 nm
or greater blue-shift offset of the peak laser gain relative to the
cavity resonances.

I. INTRODUCTION

UE to their topology, vertical-cavity surface emitting
Dlasers (VCSEL’s) are particularly suitable for applica-
tions requiring two-dimensional laser arrays. Maintaining a
constant and consistent polarization state for all laser diodes
in an array will be critical for the deployment of VCSEL’s in
polarization-sensitive applications. However, this can be par-
ticularly challenging in a VCSEL since each electromagnetic
field distribution possesses two linear orthogonal transverse
electric eigen polarizations which can share the laser output
power. [1}, [2]. Moreover, higher-order transverse modes tend
to be orthogonally polarized from the dominant fundamental
polarization state [3]. These two effects can conspire to pro-
duce polarization partitioning noise [2] and/or an unspecified
polarization state in the VCSEL output.

Several methods to produce a single dominant polarization
state in a VCSEL have been considered [4]-[9]. All of the
schemes rely in some manner on breaking the symmetry in
the plane of the quantum wells [4], such as by introducing
anisotropic gain[5], [6] or loss [7], [8] to the laser, or by
using an anisotropic transverse cavity geometry [9]. With
differing degrees of success, these methods promote a single
polarization state for the threshold transverse spatial mode, but
at the expense of increased fabrication complexity. Even if
polarization control is maintained near threshold, higher-order
transverse modes still tend to remain orthogonally polarized.
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Fundamentally, what governs the competition between the
VCSEL eigen polarizations, especially in the absence of an
intentional anisotropy, is unclear.

Polarization modulation between the eigen polarizations
of a given VCSEL transverse mode has also been reported
[10]-(12]. The polarization modulation frequency should not
be limited by the carrier recombination lifetime and should
occur with little or no chirp. Inducing the dominant polariza-
tion to switch to the orthogonal state has been accomplished
by current modulation about a polarization switching transition
[10], or through polarized optical feedback to the VCSEL [11],
[12]. For both of these polarization modulation schemes, it
is important to understand the characteristics of the VCSEL
eigen polarizations.

We report a systematic study of the polarization char-
acteristics of infra-red gain-guided circular VCSEL’s. The
power partitioning into the eigen polarizations is shown to
be related to the relative spectral overlap of the nondegenerate
polarization cavity resonances with the laser gain spectrum.
Furthermore, we show that polarization switching transitions
arise when the polarization resonances and the peak laser
gain are spectrally aligned. The influence of the cavity reso-
nance/gain alignment is studied using intentionally nonuniform
VCSEL wafers and temperature tuning. The polarization gain-
dependence is found to require a spectral splitting between
the polarization cavity resonances to produce a sufficient
difference in gain to allow one or the other eigen polarization
to dominate. The gain-dependence of the VCSEL polarization
provides a simple means to implement polarization control in
VCSEL arrays.

II. EXPERIMENT

In this study we examine InGaAs quantum-well VCSEL’s
grown by metalorganic vapor phase epitaxy [13] (MOVPE)
and GaAs quantum-well VCSEL’s grown by molecular beam
epitaxy (MBE) nominally designed for top emission at 950
and 850 nm, respectively. The VCSEL wafers consist of
epitaxial distributed Bragg reflector (DBR) mirrors surround-
ing a one wavelength thick active region. The structural
differences between the MBE and MOVPE wafers are the
compositions of the low and high index layers in the DBR
(AlAs-Alp.16Gag g4 As for the 850 nm MBE wafers versus
Alg 96Gag.gaAs—GaAs for the 980 nm MOVPE wafers), the
grading between these layers (“staircase” for the MBE wafers
versus a parabolic profile for the MOVPE wafers [13]) and
the composition, and strain of the quantum wells. The MBE
wafers are grown on (100) substrates and are rotated dur-
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ing growth. The MOVPE wafers are grown on misoriented
(100) substrates tilted 6° toward (111)A to enhance dopant
incorporation [14]. The MOVPE wafers are intentionally not
rotated during growth to produce a 7% variation of layer
thickness and thus cavity resonance wavelength, but only a
1% change in the peak gain wavelength, along the direction
of gas flow. The substrates are placed in the MOVPE reactor
such that the gas flow is parallel with a (110) crystal axis.
The wafer nonuniformity enables examination of VCSEL’s
possessing a wide variation of spectral overlap between the
cavity resonance wavelength and laser gain as a function of
the device position on the wafer.

Planar gain-guided VCSEL’s, 15 um in diameter, are fabri-
cated using proton implantation to funnel the current into the
active region. The top electrical contacts have 10 ym diameter
apertures. The lasers are tested on a probe station and care is
taken to insure that minimum pressure is applied by the probe
tip on the top contact during the measurements. Polarization-
resolved light intensity versus current (L-I) measurements are
made on numerous VCSEL samples fabricated from several
different wafers. The L-I measurements are done over a
broad range of heat sink temperatures, from 100-350 K. The
spectral splittings between the eigen polarizations of the 850
nm VCSEL’s are determined using a scanning Fabry—Perot
interferometer with a resolution of approximately 0.8 GHz.

HI. RESULTS

Above lasing threshold, we typically observe the linearly
polarized VCSEL output to have an intensity maximum and
minimum in orthogonal directions, corresponding to the eigen
polarizations. The eigen polarizations of the GaAs VCSEL’s
have a random orientation in the plane of the quantum wells,
which can vary between neighboring lasers and vary with
repeated measurements and/or operating temperature for a
given laser [2]. In contrast, the InGaAs VCSEL’s in this study
exhibit eigen polarizations that are always parallel with the
(110) crystal axes (denoted as 0 and 90°) over a wide range of
temperatures. It has been shown that substrate misorientation
away from (100) will remove the VCSEL gain degeneracy
in the (110) crystal directions [4]. However, we have found
that GaAs VCSEL wafers grown on misoriented substrates do
not have a fixed polarization orientation to the crystal axes
[15]. Furthermore, for the nonuniform InGaAs VCSEL wafers
examined here, the variation in layer thicknesses and/or strain
in the quantum well may also contribute to the polarization
orientation. In any event, while the substrate misorientation,
wafer nonuniformity, and/or quantum-well strain may create
sufficient anisotropy to align the eigen polarizations with the
crystallographic axes, we show in the following that it does
not influence the partitioning of the light into the two eigen
polarizations.

Fig. 1 shows the polarized and unpolarized room tempera-
ture L-I curves of InGaAs VCSEL’s from various locations
on a wafer along its centerline parallel to the gas flow
direction. In Fig. 1 both the cavity resonance/gain alignment
and the dominant threshold polarization state vary with wafer
location. For this same wafer we plot in Fig. 2(a) the threshold

current, I}, threshold wavelength, and dominant threshold
eigen polarization versus the device location. The origin in
Fig. 2 corresponds to the “downstream” edge of the wafer
with relatively thinner layers and thus the shortest cavity
resonance. In this region of the wafer, the laser gain spectrum
is red-shifted relative to the cavity resonance, and the 0°
eigen polarization consistently dominates for all devices, as
in Fig. 1(a). Conversely, at the opposite “upstream” end of
the wafer, corresponding to blue-shifted gain, the 90° eigen
polarization consistently dominates as shown in Fig. 1(c). In
between these regions, near the vicinity of the wafer with lasers
exhibiting minimum I;),, the 90° state initially dominates
until an abrupt switching transition where upon the opposite
polarization prevails as displayed in Fig. 1(b). Note the first
polarization switching transition occurs before the onset of
a higher-order spatial mode which occurs at the arrow in
Fig. 1(b).

The polarization partitioning behavior manifest in Fig. 2(a)
has been observed in numerous other InGaAs and GaAs
VCSEL wafers. For example, Fig. 2(b) shows the VCSEL
polarization properties of another InGaAs wafer with reduced
top mirror reflectivity compared to the wafer in Fig. 2(a). As
a result of the lower output coupler reflectivity, the operating
wavelength range of VCSEL’s across the wafer in Fig. 2(b) is
less than that of the wafer in Fig. 2(a). However, notice that
identical polarization characteristics are observed: Each eigen
polarization is dominant in regions of the wafer on either side
of the minimum I, and a region of polarization switching
lies between.

Fig. 3 depicts the temperature dependence of I;; and the
dominant threshold polarization for a GaAs VCSEL [2]. In
Fig. 3, the spectral mismatch between the cavity resonance
and gain is varied by their noncommensurate thermal shifts
[16] rather than by layer thickness nonuniformity as in Fig. 2.
The particular GaAs VCSEL in Fig. 3 at room temperature has
red-shifted gain offset relative to the cavity resonance; thus as
the device is cooled the laser gain can be adjusted to produce a
blue-shifted gain offset. We again observe that the eigen polar-
izations are each dominant at temperatures on opposite sides
of the minimum Iy, separated by a temperature region where
the VCSEL exhibits polarization switching. Identical behavior
to that shown in Fig. 3 is also seen in InGaAs VCSEL'’s. The
inset in Fig. 3 shows the spectral splitting at room temperature
between the eigen polarizations of the Gaussian mode as
measured by a Fabry-Perot interferometer. The two peaks in
the inset, which correspond to the two eigen polarizations,
are separated by 9.9 GHz (0.23 A) which remains constant
with current, voltage, or temperature variations. The spectral
splitting between the eigen polarizations is influenced by local
strain, as described below.

In Fig. 4(a), we show I}, and the threshold wavelength
for devices from another GaAs VCSEL wafer. The origin
in Fig. 4(a) corresponds to the wafer center, where the laser
gain is blue-shifted relative to the cavity resonance; near the
wafer edge the cavity resonance and gain are aligned pro-
ducing the lowest I;),. Fig. 4(b) shows the dominant threshold
polarization while the VCSEL’s are tested under “equilibrium”
conditions, i.e., with minimum pressure applied by the probe



CHOQUETTE et al.: GAIN-DEPENDENT POLARIZATION PROPERTIES OF VERTICAL-CAVITY LASERS 663

a) Ay= 943 nm
Unpolarized

Light (mW)

o
wn
—
<

15
(@)

N
1

Light (mW)
s

-2
.4 0
4
¢) A,=970 nm
Unpolarized
3
g
2 2
=y
-
% 5 10 15
Current (mA)
(c)

Fig. 1. Unpolarized (thick curve) and polarized (thin curves) laser emission
versus current at room temperature for three InGaAs VCSEL'’s at different
locations in wafer XD1112: (a) A¢h, = 943 nm, (b) A\, = 965 nm (curves
offset for clarity), and (c) A, = 970 nm. The eigen polarizations are aligned
along the (110) crystal directions denoted as 0 and 90°, and the arrows denote
the onset of a higher-order transverse optical mode.

tip. Note the dominant polarization does not exhibit the same
correlation with the cavity resonance/gain alignment as seen
in Fig. 2. In fact, for most devices, both polarization states
are simultaneously observed at and slightly above threshold,
with only small differences in their relative partitioning. Also
shown in Fig. 4(b) are the lasing lineshapes measured by the
Fabry-Perot interferometer slightly above threshold from VC-
SEL’s at three wafer locations; the splitting between the eigen
polarizations is found to be <1.3 GHz (<0.03 A). In Fig. 4(c),
we show the dominant polarization and the observed emission
lineshapes under strained probing conditions, i.e. pressure is
applied to the top contact with the probe tip. Notice in Fig. 4(c)
that the polarization gain-dependence is observed using the
strained probing conditions, along with a significant increase
in the spectral splitting between the eigen polarizations. From
examination of several GaAs VCSEL samples from the same
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Fig. 2. Injection current, wavelength, and dominant polarization at threshold

versus wafer location for: (a) InGaAs VCSEL wafer XD1112; and (b) InGaAs
VCSEL wafer XD1115, which has reduced output mirror reflectivity.
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Fig. 3. Injection current and dominant polarization at threshold versus

substrate temperature for a GaAs VCSEL. Note that the eigen polarizations,
denoted as L and ||, are not aligned along the (110) crystal directions. The
inset shows the spectral splitting (9.9 GHz) between the eigen polarizations
of the Gaussian mode.

and different wafers, we find the equilibrium spectral splitting
between the polarization cavity resonances vary only slightly



IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 1, NO. 2, JUNE 1995

15 8700
131 T 8650
<
< £
£ 1 8600 £
g E
g z
= =
E 9 8550 _g
£ =
7 8500
5 - v v T T 8450
0 10 20 30 40 50 60 70
Wafer Location (x 250 pm)
(a)
Equilibrium H H
. . [ o L]
Probing: || Dominant : 1 Dominant : | 1L Dom.
| ] 1 ]
H HI /
F T T T T 1
0 10 20 30 40 70

Wafer Location (x 250 um)

(b)
Strained E Polar i
Probing: 1 Domin ESWitChE ' || Dom.
v —r ] T AT
40 50

ant
0 10 20 30 60 70

Wafer Location (x 250 jum)
©)

Fig. 4. (a) Injection current and wavelength at threshold versus wafer location for GaAs VCSEL’s. The origin corresponds to the wafer center. (b) The dominant
VCSEL polarization (denoted as L and ||) versus wafer location under equilibrium probing conditions. The insets show small or no spectral splitting (<1.3
GHz) between the eigen polarization resonances of the threshold spatial mode. (c) The dominant VCSEL polarization versus wafer location with strain applied
from probe tip pressure. The insets show the increased spectral splitting (3.4-6 GHz)) between the eigen polarization resonances of the threshold spatial mode.

between neighboring VCSEL’s on a given sample, but can thus cannot be related to structural differences. Instead, the
differ significantly between different samples fabricated at polarization power partitioning and the I;;, dependence on
different times, even when from the same wafer. wafer location or substrate temperature are related to the
relative spectral alignment of the cavity resonances with the
laser gain spectrum. In Figs. 2—4, the minimum I}, occurs at

The gain-dependence of the polarization power partitioning the wafer location or substrate temperature where the cavity
is observed in both the InGaAs and GaAs VCSEL’s and resonance and the peak laser gain are optimally aligned. When

IV. DiscussioNn
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Fig. 5. Schematic of threshold current versus substrate temperature or device

location on a nonuniform VCSEL wafer (not to scale). The insets depict
the relative spectral alignment of the laser gain with the nondegenerate
eigen polarization cavity resonances of the threshold mode (splitting greatly
exaggerated) which produces the polarization gain-dependence.

the gain is blue- or red-shifted relative to the cavity resonance,
greater injection is required to achieve lasing [16]. Due to
the spectral splitting of the fundamental mode eigen polar-
izations, under the condition of blue-shifted gain, the shorter
wavelength eigen polarization will experience enhanced gain
overlap, while for red-shifted gain, the longer wavelength
polarization state will dominate. This is schematically depicted
in Fig. 5, where the insets show the differing gain alignment
with the nondegenerate polarization cavity resonances.

Moreover, at the condition of cavity resonance/peak gain
alignment, the dominant polarization abruptly switches as the
red-shifting gain sweeps through the polarization resonances
due to ohmic heating with increasing current injection. Such
polarization switching is apparent for the Gaussian mode and
higher-order transverse modes in Fig. 1(b), and has also been
reported elsewhere [2], [11]. Note the regions of polarization
switching shown in Figs. 2-4 correspond to conditions where
the shorter wavelength polarization resonance is dominant at
threshold (i.e. slightly blue-shifted laser gain), and the gain
moves through the longer wavelength polarization resonance
before the onset of a higher-order transverse mode. Careful
examination of the polarization switching with increasing
injection current shows that the polarized output fluctuates
significantly as power oscillates between the two states during
the switching transition, although the total output remains
constant [2]. Thus for polarization uniformity of VCSEL
arrays, it is crucial that the polarization cavity resonances do
not span the gain peak maximum in order to avoid polarization
switching and polarization partitioning noise.

The polarization of the higher-order transverse modes are
also influenced by the relative cavity resonance/gain overlap
as well as by spectral and/or spatial hole burning. In Fig. 1
the first kinks in the total output power curves (denoted
with arrows) indicate the onset of a higher-order spatial
mode. Notice when the gain is red-shifted relative to the
cavity resonances as in Fig. 1(a), the higher-order mode arises
orthogonally polarized to the fundamental, presumably to

better utilize the gain [3]. However, with a sufficient blue-
shift in the gain, the higher-order mode consistently arises
with the same polarization as the fundamental as seen in
Fig. 1(c). This indicates that spatial/spectral hole burning is
of greater consequence under the condition of red-shifted
gain, and/or the asymmetry of the gain spectrum affects the
polarization partitioning of the higher-order mode. We find the
number of transverse modes possessing the same polarization
as the fundamental increases as the blue-shifted gain offset is
increased above 20 nm for the InGaAs VCSEL’s. Therefore,
arrays with each element having its gain maximum blue-
shifted >20 nm from the cavity resonance will provide a
single dominant polarization through the onset of multi-mode
operation.

Comparing Fig. 4(b) and (c), we also conclude that the
gain-dependence of the VCSEL polarization requires suffi-
cient spectral splitting between the cavity resonance of each
eigen polarization to produce enough gain difference to allow
one or the other eigen polarization to dominate. Empirically
for the GaAs VCSEL’s, we observe a polarization gain-
dependence when the eigen polarizations are separated by
>3 GHz (>0.07 A). If the splitting is less than this, often
the polarization states have equal or nearly equal intensity.
A determination of the gain difference between the nonde-
generate eigen states is beyond the scope of this paper, but
is presumably small and dependent on the active medium.
Although the splitting between the eigen polarizations does not
seem to have an electrooptic origin, we have determined that
locally applied stress, such as from a probe tip placed near the
laser aperture (within ~100 xm), will influence the splitting.
Hence, residual stress in the VCSEL epilayers resulting from
growth or device fabrication may produce the polarization
birefringence found in a given sample. Local stress is also
found to effect the polarization power partitioning, when the
spectral splitting between the eigen polarizations is small
(<1 GHz for GaAs VCSEL’s). This is consistent with previous
findings that anisotropic stress near the active region will
influence the laser gain [5]. In any event, adequate spectral
splitting between the eigen polarizations appears to produce
sufficient gain differences to account for the observed gain-
dependence of the VCSEL polarization.

V. CONCLUSION

In summary, we have described the gain-dependence of the
polarization partitioning in gain-guided infra-red VCSEL’s.
The power partitioning between the eigen polarizations is
shown to be correlated with the spectral alignment of each
polarization cavity resonance with the laser gain spectrum.
This polarization gain-dependence requires the eigen polar-
izations to be spectrally nondegenerate to provide sufficient
gain differences between the states. The laser gain differences
arising from the spectral splitting of the eigen polarizations
and the means to engineer this splitting are under investigation.
Nevertheless, this gain-dependence provides a simple means
for polarization control of VCSEL arrays. Specifically, by
blue-shifting the gain >20 nm from the cavity resonances, the
dominant eigen polarization for the fundamental and higher-
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order mode is fixed for all devices in an array of InGaAs
VCSEL’s.

In addition, at the condition of cavity resonance/gain spec-
tral alignment, abrupt polarization switching and polarized
output fluctuations are found. Although the induced polar-
ization switching transitions in the VCSEL can be exploited
for polarization modulation applications, it should noted that
this phenomenon has a thermal origin (thermal shift of the
band gap) and thus the modulation frequencies are found
to be <100 kHz [10]. From the opposite point of view,
for continuous wave applications of the VCSEL, operating
near the condition of polarization switching may introduce
an unspecified output polarization state and concomitant po-
larization noise. Even though blue-shifted gain off-set has
been shown to give higher maximum output power and
greater temperature insensitivity for VCSEL’s [17], it will
also create the precise circumstance for polarization switching.
Therefore, careful control of the laser cavity resonance/gain
alignment will be necessary to achieve both high-performance
and polarization control for VCSEL arrays.
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