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Abstract—Both polarization switching and control over the
angle between polarization states is demonstrated. A novel dual
intracavity contacted vertical-cavity surface-emitting laser uti-
lizing asymmetric current injection is tested. Large extinction
ratios 21 dB and a record-low threshold current of 0.19 mA is
achieved for such devices. Control over the phase offset between
two polarization states is accomplished by rotating current injec-
tion direction relative to the ��� axis. The phase offset between
two polarization states is shown to follow a trigonometric function
with maximum offsets along the ��� and ��� directions and
minimum offsets along the ��� and ��� directions.

Index Terms—Asymmetric current injection (ACI), molecular
beam epitaxy, polarization, vertical-cavity surface-emitting lasers
(VCSELs).

I. INTRODUCTION

V ERTICAL-CAVITY surface-emitting lasers (VCSELs)
have become key components in next-generation optical

interconnects [1]. This is in part because VCSELs have shown
many advantages such as higher reliability, yield, and their
ability to be put into arrays. If the output polarization could be
controlled, further opportunities in medical imaging [2], envi-
ronmental monitoring [3], and military applications [4] could
be explored. Although output polarization of VCSELs does
not exhibit fundamental selection rules [5], several methods
have been used to stabilize output polarization such as utilizing
various mesa geometries [6], off-axis crystal surfaces [7], and
surface gratings [8]. Several groups have also demonstrated
asymmetric current injection (ACI) as a way to introduce gain
anisotropies to control output polarization [9]–[11]. Although
the carrier -vectors are necessarily aligned with the sub-
strate-normal (z-direction) at the absorption edge energy in
quantum-wells, at lasing threshold and above, there is sufficient
state filling to provide a significant lateral carrier momentum
component which modifies the overall electron -vector.
Since there is a transition strength dependence between the
electron -vector and the incident electric field, a change in
current direction can potentially control output polarization by
influencing the transition strength (and thus gain) of specific
polarizations.
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Fig. 1. Schematic of VCSEL epitaxial structure. Insets show top view of
VCSEL contact-pads and its rotation angle � relative to the ����� axis and a
corresponding SEM image.

In this letter we demonstrate switching between two orthog-
onal polarization states via asymmetric current injection uti-
lizing a novel dual intracavity contacted circular mesa design.
Control over polarization phase offset, or, the angle between po-
larization states, will also be shown by rotating current injection
direction.

II. GROWTH AND FABRICATION

A dual intracavity design was used to avoid having to con-
tact through a p-doped Distributed Bragg Reflector (p-DBR)
top mirror which would have increased the current path length
and decreased the carrier momentum lifetime through scattering
events [12]. Moreover, traveling through the p-DBR unneces-
sarily adds more z-component to the carrier momentum vector
that is isotropic with current direction. The p- and n-contact
layers were thus grown close together to increase current di-
rectionality shown in Fig. 1. Molecular Beam Epitaxy (MBE)
growth on (001)-cut undoped GaAs starts with 18 periods of un-
intentionally doped (UID) GaAs/AlAs to form the bottom DBR
mirror followed by 420 nm of Si doped GaAs for the n-contact
layer. The active region consists of three 8 nm thick In G As
quantum wells separated by 8 nm GaAs barriers. The active re-
gion was surrounded by a 30% AlGaAs separate confinement
heterostructure (SCH). A linearly graded AlGaAs region then
forms the oxide aperture. The free carrier absorption associated
with the overlap between the optical field and the hole concen-
tration is an important issue since the p-contact layer is placed
so close to the active region. A modulation doping scheme was
employed using multiple doping levels to minimize this overlap.
In order to quickly and accurately supply all the doping levels, a
custom Carbon Tetrabromide (CBr4) carbon doping system was
used [13]. The doping ranged from 1e18 cm to 4e18 cm

1041-1135/$26.00 © 2010 IEEE



306 IEEE PHOTONICS TECHNOLOGY LETTERS, VOL. 23, NO. 5, MARCH 1, 2011

with the highly doped regions occurring at the optical nulls. The
top mirror was composed of 32 periods of 85% AlGaAs/GaAs.

Circular mesas were created in a two-step dry-etching process
that stops in the intracavity contact layers using a laser etch-
monitor. The devices are then placed in a wet oxidation furnace
to form the oxide aperture. A third etch removes the n-contact
layer except from where the n-metal pads will be to help isolate
orthogonal electron paths. A blanket SiN layer is then deposited
and four equally spaced vias are opened around the mesa for
metal contacts. Devices were rotated in various increments on
the mask so that the output polarization can be studied as a func-
tion of current injection direction.

III. POLARIZATION SWITCHING

A linear polarizing lens is used to measure output polariza-
tion. The polarizer transmission axis is aligned to the 0 marker
on the rotational lens mount. The axis of the wafer is then
aligned to this marker. Output light intensity (LI) first passes
through a microscope objective then the rotating polarizing lens
and finally is measured by a Si photodetector.

Light-current-voltage (LIV) curves for a device with a mesa
diameter of 13 m and an aperture of 6 m is shown in Fig. 2
for two polarization states. Asymmetric current injection was
achieved by directing current between pads that face each other
i.e. P1N1 or P2N2. The threshold current is 0.19 mA for both
current configurations which is the lowest threshold reported
for ACI polarization switching VCSEL. Output wavelength was
971 nm and the near field pattern uniformly filled the aperture
with a diameter of roughly 13 m When injecting current be-
tween the P1N1 pads, light output was found to be polarized
close to 40 from the axis. Probing the orthogonal P2N2
pads first showed lasing in the same polarization but quickly
switches to the orthogonal polarization. This initial switching
could be related to temperature effects [14]. At a polarizer angle
of 120 shown in Fig. 2(b), the P2N2 direction initially lases
aligned to 40 but switches to the orthogonal polarization after
0.37 mA. The preferred polarization angle is offset from the
crystal axis due to misalignment of the polarizer to the current
path. The ripples in the LI curves are a result of feedback from
the substrate-air interface due to no anti-reflection (AR) coating.
Small differences in wavelength between polarization states and
thermal impedances of the two current paths slightly offset the
oscillations in P1N1 to P2N2. The intensity and frequency of
ripples in light output increases with decreasing device size and
ultimately disappear under 1 s pulsed conditions.

IV. POLARIZATION PHASE OFFSET

The phase offset between two polarization states was also
investigated. Here we have defined the polarization state as the
output polarization for a given current injection direction. The
phase offset between two polarization states is the difference in
polarizer angle between output power peaks.

LI curves were taken for every 20 rotation of the polar-
izer with either the P1N1 or P2N2 configuration probed. Light
output of the device at a bias of 2 mA is plotted against the polar-
izer rotation angle to generate the polarization resolved output
shown in Fig. 3. The measured data for the two orthogonal cur-
rent injection configurations is fitted to a sine wave that has a

Fig. 2. �–�–� curve with polarizer transmission axis (a) 40 to the ����� axis
and (b) 120 to the ����� axis.

value 0.999. From the fit, the polarization rotational frequency
was determined to be 2 rad for both current directions. These
two polarization states also showed a phase offset of approxi-
mately 90 .

From the good fit, extrapolated extinction ratios were ob-
tained. The (P1N1)/(P2N2) state had an extinction ratio 21 dB
at a polarizer angle of 38 and the (P2N2)/(P1N1) state had an
extinction ratio 25 dB at a polarizer angle of 131 . These are
one of the largest extinction ratios reported for a polarization
switching VCSEL using ACI.

The circular structure of our VCSEL is a good platform to
study the polarization dependence on current direction because
its infinite rotational symmetry might allow one to see current
injection effects independent of certain geometrical effects.

When injecting current along either the or axis,
past work with square VCSELs have reported phase offsets that
vary randomly between 25 –90 [9] or aligned to only the
or axes [15]. To test if our structure could better control
the phase offset, VCSELs were rotated in the following angles

, relative to the direction: [0 , 22.5 , 45 , 90 , 135 ,
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Fig. 3. Output power at 2.0 mA showing sinusoidal dependence to polarizer
angle.

Fig. 4. Phase offsets between two polarization states measured as the current
injection angel � is rotated.

157.5 , 180 , 202.5 , 225 , 270 , 315 , 337.5 ] and phase off-
sets were calculated. These calculations were performed at bi-
ases that showed the best polarization switching performance.

We demonstrate in Fig. 4 control of polarization phase offset
by rotating the current injection angle . The measured data fol-
lows a dependence. The largest offsets between polar-
ization states occurred every 90 with respect to the axis.
Minimal polarization phase offsets were found to occur when
current was aligned to the and directions. This is
related to the angle-dependent nature of the transition matrix el-
ement. Sopra et al. looked at birefringence in VCSELs [16] and
showed that birefringence followed a similar trend. It is possible
that other effects play complimentary roles in controlling polar-
ization switching.

V. CONCLUSION

In this letter we have demonstrated a novel dual intracavity
VCSEL capable of controlled switching between polarization

states by utilizing asymmetric current injection. Additional con-
trol over the offset between polarization states was also demon-
strated. A reported threshold current of 0.19 mA is the lowest re-
ported for a asymmetric current injection controlled polarization
switching VCSEL. A high extinction ratio of 21 dB was also
achieved between orthogonal polarization states. The output po-
larization was shown to fit a sinusoidal function with a polariza-
tion rotational frequency of 2 rad .
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