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ABSTRACT

The gain-dependent polarization properties of vertical-cavity surface emitting lasers and methods for
polarization control and modulation are discussed. The partitioning of power between the two orthogonal
eigen polarizations is shown to depend upon the relative spectral alignment of the nondegenerate
polarization cavity resonances with the laser gain spectrum. A dominant polarization can thus be
maintained by employing a blue-shifted offset of the peak laser gain relative to the cavity resonance
wavelength. Alternatively, the polarization can be controlled through use of anisotropic transverse cavity
geometries. The orthogonal eigen polarizations are also shown to enable polarization modulation. By
exploiting polarization switching transitions in cruciform lasers, polarization modulation of the
fundamental mode up to 50 MHz is demonstrated. At lower modulation frequencies, complementary
digital polarized output or frequency doubling of the polarized output is obtained. Control and
manipulation of vertical-cavity laser polarization may prove valuable for present and future applications.
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1. INTRODUCTION

Vertical-cavity surface emitting lasers (VCSELs) are rapidly approaching insertion into system
applications such as fiber-based optical data links, laser printers, optical displays, or optical scanning
systems. Hence it is important to fully elucidate the optical properties of VCSELS, particularly attributes
which differ from conventional edge emitting laser diodes. The polarization of VCSEL emission is found
to possess several unique differences from its edge emitting counterpart.1-5 First, the lasing power in each
electromagnetic field distribution can be distributed between two orthogonal linear TE eigen
polarizations.2-3 Secondly, this pair of eigen polarizations can have a random orientation in the plane of
the active region,1+4 where the orientation can vary between neighboring devices and with temperature.2
Finally, higher-order transverse modes tend to emerge orthogonally polarized from the dominant eigen
polarization of the fundamental mode.1,5

Maintaining a constant and consistent polarization state will be critical for VCSELs deployed in
polarization-sensitive applications. Several methods to produce a single dominant polarization have been

proposed.6-11 All of the schemes rely in some manner on breaking the symmetry in the plane of the active
region,% such as by introducing anisotropic gain?-8 or loss%10 to the laser, or by employing an anisotropic
transverse cavity geometry.ll Fundamentally, what governs the competition between the VCSEL eigen
polarizations in the absence of an intentional anisotropy, is unclear. Moreover, complete polarization
control of all transverse spatial modes uniformly for all VCSELs in an array has been elusive.
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Alternatively, the presence of two eigen polarizations for each spatial mode can be exploited for
modulation between the orthogonal polarizations. The polarization modulation frequency ideally should
not be limited by the carrier recombination lifetime and occur without chirp.

In this paper we review the géin-dependent polarization properties of VCSELs, and present
techniques for the control and modulation of the VCSEL polarization. We first show that the power
partitioning into the eigen polarizations is intrinsically related to the relative spectral overlap of the

nondegenerate polarization cavity resonances with the laser gain spectrum.12 We next describe techniques
for controlling the VCSEL polarization of the fundamental and higher-order modes using laser gain
offset,12 anisotropic transverse cavity geometries,11 or the inherent material properties of the gain
medium.13 Finally, we present two means for obtaining abrupt polarization switching transitions to enable
polarization modulation. In particular using a cruciform VCSEL geometry, we demonstrate electrically
driven polarization modulation, complementary digital polarized switching, and frequency doubling of the
fundamental mode polarized output.14

2. VCSEL FABRICATION AND TESTING

We have characterized VCSELSs fabricated from many wafers at a number of emission wavelengths,
including 980, 850, and 680 nm. The infra-red VCSEL wafers are grown by molecular beam epitaxy
(MBE) and/or metalorganic vapor phase epitaxy!> (MOVPE), while the visible VCSEL wafers are grown
exclusively by MOVPE.16 The VCSEL wafers are designed to emit from the top surface and consist of
epitaxial distributed Bragg reflector (DBR) mirrors surrounding a 1-A thick active region containing
InGaAs, GaAs, or GalnP quantum wells. The MBE wafers are grown on (100) substrates and are rotated
during growth. The wafers grown by MOVPE are on misoriented (100) substrates tilted 6° toward
<111>A or on <311> oriented substrates. The MOVPE wafers are intentionally not rotated during growth
to produce along the direction of gas flow a 5-7% variation of layer thickness and thus cavity resonance
wavelength, but only a 1% change in the peak gain wavelength. This wafer nonuniformity allows
examination of VCSELSs possessing a wide variation of spectral overlap between the peak laser gain and
the cavity resonance wavelength as a function of the device position on the wafer.

The two VCSEL device structures considered in this paper are sketched in Fig. 1. Air-post VCSELs
shown in Fig. 1(a) are fabricated by a self-aligned process using metal masks (of various shapes) with
SiO, windows protecting the laser aperture during reactive ion etching. The metal masks also serve as the
top electrical contact.17 The air-post VCSELS are etched through the active region and partially into the
lower DBR to provide electrical and index-guided optical confinement. Depicted in Fig. 1(b) are planar
gain-guided VCSELs, which are fabricated using proton implantation to compensate the material around

the laser cavity in order to funnel current into the active region.18 The mask used during implantation thus
defines the size and the transverse geometry of the laser cavity. All of the circular implanted VCSELSs
described herein have 15 pum diameter cavities with 10 um diameter top contact apertures.

The VCSELs are tested on a probe station at heat sink temperatures varying from 100 to 350 K. .
Polarization-resolved continuous wave light intensity versus injection current (L-I) measurements are made
using a HP4156B semiconductor parametric analyzer and by positioning a linear polarizer in front of a
calibrated Si photodetector. In the figures which follow, the directions labeled as 0° and 90° are parallel
with the <110> crystal axes of the VCSEL wafers; eigen polarizations labeled as L and Il are not aligned
along the <110> crystal directions. The spectral splittings between the eigen polarizations of the 850 nm
VCSELs are measured using a scanning Fabry-Perot interferometer with a resolution of approximately 800
MHz. To test the polarization modulation characteristics, the lasers are operated with a sinusoidal AC
voltage impressed on a DC bias level using a HP8116A function generator.
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Figure 1. Sketches of (a) etched air-post and (b) implanted VCSELs.
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Figure 2. Polarization characteristics of 15 pm diameter implanted InGaAs VCSELs. Unpolarized (thick
curve) and polarized (thin curves) emission at different wafer locations: (a) A4,=943 nm, (b) A14=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
spatial mode. (d) Isn, wavelength, and dominant polarization at threshold versus location along the
centerline of the wafer.




3. POLARIZATION GAIN-DEPENDENCE

For VCSELSs operating above lasing threshold, we typically observe the linearly polarized output to
have an intensity maximum and minimum in orthogonal directions, corresponding to the TE eigen
polarizations. The directions of the eigen polarizations are often aligned with the <110> crystal axes, but
can also be randomly oriented in the plane of the quantum wells.1.24 Fig. 2 shows polarized and
unpolarized L-I curves of circular implanted InGaAs VCSELSs from various locations on a wafer grown by
MOVPE.12 Notice in Fig. 2 both the laser peak gain/cavity resonance wavelength alignment and the
dominant threshold polarization state vary with wafer location (the former due to the intentional wafer
nonuniformity). We summarize in Fig. 2(d) the threshold current, I, the threshold wavelength, and the
dominant threshold eigen polarization versus location along the centerline of the wafer. In the region of
the wafer with the shortest cavity resonance, the laser gain spectrum is red-shifted relative to the cavity
resonances and the 0° eigen polarization consistently dominates for all devices, as in Fig. 2(a).
Conversely, at the opposite end of the wafer with blue-shifted gain, the 90° eigen polarization consistently
dominates as shown in Fig. 2(c). In between these regions, near the vicinity of the wafer with lasers
exhibiting minimum Iy, the 90° state initially dominates until an abrupt switching transition where upon
the 0° eigen polarization prevails as displayed in Fig. 2(b). :

Figure 3 depicts the temperature dependence of Iy, and the dominant threshold eigen polarization for a
circular implanted GaAs VCSEL grown by MBE.2 In Fig. 3 the spectral mismatch between the laser gain
and the cavity resonance is varied by their noncommensurate thermal shifts!9 rather than by layer thickness
nonuniformity as in Fig. 2. We again observe that the eigen polarizations are each dominant at
temperatures on opposite sides of the minimum I, separated by a temperature region where the VCSEL
exhibits polarization switching. The inset in Fig. 3 shows the spectral splitting at room temperature
between the eigen polarizations of the fundamental mode, which are not parallel to the <110> crystal axes.
The two peaks, which correspond to the two eigen polarizations, are separated by 9.9 GHz (0.23 A)
which remains constant with current, voltage, or temperature changes, but can be varied by locally applied
strain.12
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Figure 3. Iy, and dominant threshold polarization at threshold for a 15 um diameter implanted GaAs
VCSEL. The eigen polarizations, denoted as L and I, are not aligned along the <110> crystal directions.
The inset shows the room temperature spectral splitting (9.9 GHz) between the eigen polarizations of the
fundamental mode.
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Figure 4. Schematic of I, vs. subel;efe temperature or wafer location (not to scale). The insets depict the |
relative spectral alignment of the laser gain with the nondegenerate eigen polarization cavity resonances of
the fundamental mode (splitting greatly exaggerated) which produces the polarization gain-dependence.
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The polarization power partitioning and the Iy, dependence on wafer location or substrate temperature
are both related to the relative spectral alignment of the cavity resonances with the laser gain. In Figs. 2(d)
and 3 the minimum Iy, occurs at the wafer location or substrate temperature where the cavity resonance and
the peak laser gain are optimally aligned. When the gain is blue- or red-shifted relative to the cavity
resonance, greater injection is required to achieve lasing. Due to the spectral splitting of the fundamental
mode eigen polarizations, 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. 4, where the inséts show the
differing gain alignment with the nondegenerate polarization cavity resonances. Moreover, near 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 fundamental mode and higher-order transverse
modes in Fig. 2(b). Note that VCSEL designs which incorporate optimum gain/cavity resonance
alignment to achieve high output power and greater temperature insensitivity20 also create the precise
circumstance for polarization switching transitions.

This gain-dependence of the VCSEL polarization requires sufficient spectral splitting between the
polarization cavity resonances to produce enough difference of gain to allow one or the other eigen
polarization to dominate. For GaAs VCSELs we empirically observe the polarization gain-dependence
when the eigen polarizations are separated by >3 GHz (>0.07 A).12 If the splitting is less than this, the
polarization states often have equal or nearly equal intensity. We further find that the eigen polarization
splitting varies only slightly between VCSELs from a given sample; however, the splitting can
significantly differ between different samples even when from the same wafer. Since locally applied stress
influences the spectral splitting, residual stress in the epilayers resulting from growth or device fabrication
may produce the birefringence between the eigen polarizations.
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4. POLARIZATION CONTROL

The polarization gain-dependence and the
random orientation of the eigen polarizations can
conspire to produce polarization partitioning noise?
and/or an unspecified polarization state in the
VCSEL output. Thus VCSEL polarization control
requires maintaining a single polarization state in a
specific direction. Note that neither misoriented
substrates nor strained quantum wells can guarantee
polarization alignment along the <110> crystal
axes,2l although this is sometimes found.
Strategies to produce a dominant eigen polarization
usually use anisotropic gain’-8 or loss%-10 in the
laser. With differing degrees of success, these
techniques promote a single polarization for the
fundamental mode, but at the expense of increased
fabrication complexity, and higher-order modes still
tend to remain orthogonally polarized. We describe
in the following other methods of obtaining a single
dominant polarization for the fundamental and
higher-order modes for all VCSELSs in a wafer.

In the preceding section we showed that one or
the other eigen polarization will dominate near
threshold when the peak laser gain is offset from the
cavity resonances. Fig. 2(c) illustrates that with a
sufficient blue-shift of the gain, the first higher-
order mode will also consistently arise (denoted at
the arrows in Fig. 2) with the same polarization as
the fundamental. We find the number of transverse
modes possessing the same polarization as the
fundamental increases as the blue-shifted gain offset
is increased above 15-20 nm in our InGaAs
VCSELs.12 This indicates that spatial/spectral hole
burning is of less consequence with blue-shifted
gain, and/or the asymmetry of the gain spectrum
affects the polarization partitioning of higher-order
modes. Therefore, gain-guided VCSEL arrays with
each element having its peak gain blue-shifted 220
nm from the cavity resonance will provide a single
dominant polarization through the onset of multi-
mode operation. 'As an aside, note that for VCSEL
array polarization uniformity, it is crucial that the
polarization cavity resonances do not span the gain
peak maximum in order to avoid polarization
switching evident in Fig. 2(b) and the concomitant
polarization noise.

Another means to influence the VCSEL
polarization is through the geometry of the laser

cavity.ll Analogous with the development of
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Figure 5. Unpolarized (thick curves) and polarized
(thin curves) emission from GaAs air-post VCSELs
with various geometries: (a) 20 pm diameter
circular laser; (b) rhombus-shaped laser; and (c)
dumbbell-shaped laser.
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Figure 6. (a) Unpolarized (thick curve) and polarized (thin curves) emission from a 15 pm diameter
implanted GaInP visible VCSEL; (b) I, wavelength, and dominant polarization at threshold versus wafer
location.

single-polarization optical fiber,22 it is expected that noncircular VCSEL cavities will influence the
polarization properties. Fig. 5 shows the unpolarized and polarized L-1 curves for GaAs air-post VCSELs
with circular, rhombus-shaped, and dumbbell-shaped cross sections with equal cross section areas.
Notice for the circular VCSEL in Fig. 5(a), above 8 mA the 90° eigen polarization is dominant for the
fundamental mode, which is also found for the other circular VCSELSs in this sample. Above 10mA a
higher order transverse mode begins to lase with an orthogonal polarization. For the rhombus VCSEL
shown in Fig. 5(b), the 0° eigen polarization, parallel to the major axis of the anisotropic cavity, dominates
the lasing emission over the entire operating range. The dominant eigen polarization of air-post rhombus
VCSEL:s is always found to be oriented along the major axis of the cavity when parallel to a <110> crystal
axis. The dominant 0° eigen polarization of the dumbbell VCSEL depicted in Fig. 5(c) is also found to be
parallel with the major axis of the laser cavity, again along a <110> crystal axis. In addition, the lasing
emission polarized orthogonally is reduced; at maximum output power in Fig. 5(c), power in the 90°
polarization is suppressed by 14 dB relative to the 0° eigen polarization. It is likely that higher loss for the
90° polarization is introduced by the constricted region at the center of the dumbbell-shaped cavity
providing the polarization discrimination. Comparing Figs. 5(a) with 5(b) and 5(c) we see the dominant
eigen polarization of the isotropic circular VCSEL can be rotated by 90° using the rhombus-or dumbbell
VCSEL designs. This demonstrates that a single eigen polarization in a specified crystal direction can be
selected and maintained using anisotropic VCSEL geometries.

Finally, we conclude by reviewing the polarization characteristics of GaInP visible VCSELs.13 In
Fig. 6(a) we show typical unpolarized and polarized L-I curves for a 1-A cavity circular implanted

VCSEL? which is 15 pm in diameter and emits at 680 nm. In Fig. 6(b) (which is analogous to Fig. 2(d))
we plot I, threshold wavelength, and the dominant eigen polarization observed corresponding to
differing peak gain/cavity resonance alignment across the wafer. For all GaInP VCSELSs examined from
this wafer and others, the dominant eigen polarization is always aligned along one particular <110> crystal
axis and is consistently dominant for all transverse lasmg modes as shown in Fig. 6(a). Furthermore this
eigen polarization dominates independent of the laser gain alignment (see Fig. 6(b)) and independent of

operating temperature.13 By comparison to infra-red VCSELSs, we can discount the effects of substrate
misorientation, thickness nonuniformity, or the quantum well strain to account for the polarization control.
It is likely that the inherent material properties of the InGaP active region (i.e. sublattice ordering)
contributes to the profound polarization control and is currently under investigation. A predetermined and
fixed polarization for all visible VCSELs on a wafer over a wide temperature range and for all lasing
modes may prove valuable for polarization-sensitive applications.
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Figure 7. Polarized emission (curves offset for Fig. 8. Small signal modulation for an air-post

clarity) from a cruciform air-post VCSEL. The cruciform VCSEL at 50 MHz: (a) input waveform;

points denoted along the abscissa correspond to (b) 0° output where the current varies between

current modulation limits described in Figs. 8 and 9. points B and C in Fig. 7; and (c) 0° output where the
current varies about a polarization switching
transition, i.e. points C and D in Fig. 7.

5. POLARIZATION MODULATION

Instead of controlling the VCSEL polarization, in this section we seek to exploit the interaction
between the eigen polarizations. Polarization modulation is demonstrated where a specific spatial
transverse mode is maintained, but its polarization state is varied with a small modulation signal.14 Hence,
the switching of the polarized output may not be limited by the carrier recombination lifetime, since the
lasing inversion is constantly maintained, and the modulation should occur with little or no chirp in the
output light. Inducing polarization switching in VCSELs at GHz frequencies has been accomplished
through polarized optical feedback.24:25 In the following we describe the first electrically driven

polarization modulation14 using polarization switching transitions induced by two different techniques.

In Section 3, we showed that near the condition of laser gain/cavity resonance alignment, the
dominant polarization switches as the gain sweeps through the polarization cavity resonances. Thus by
biasing a suitable VCSEL into such a polarization switching transition, such as found in Fig. 2(b), a small
variation of the injection current will switch the polarized output between the two eigen polarizations. In
this case the polarization switching is produced by the thermal shift of the laser gain (i.e. band gap) and
thus is a relatively slow process. Experimentally we find the maximum polanzauon modula&on of suitable

circular gain-guided InGaAs VCSELS to be limited to <80 kHz.14

A second means of achieving a polarization switching transition is through transverse mode
engineering. In Fig. 7 we show the polarized L-I curves for an air-post GaAs VCSEL with a cruciform
cross section geometry.14 A single lasing spectral peak is observed over the entire operating range of this
laser, indicative of lasing only in the lowest-order spatial mode. However, two polarization switching
transitions between the eigen polarizations are evident in Fig. 7. In Fig. 8 we present the small signal
~ polarization modulation characteristics of an air-post cruciform VCSEL. Fig. 8(a) depicts the input AC
voltage waveform at S0 MHz; the resultant 0° polarized output is shown in Fig. 8(b) which corresponds to
amplitude modulation between points B and C in Fig. 7. Fig. 8(c) shows the 0° polarized output where
the input current is modulated through the first polarization transition, corresponding to points Cand D in

-
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Figure 9. Large signal modulation characteristics for an air-post cruciform VCSEL: (a) input voltage
waveform at 1 MHz and resultant frequency doubled 0° output where the injection current varies from
below threshold to above the polarization switching transition, such as points A and D in Fig. 7; (b) input
voltage waveform at 10 MHz and resultant frequency doubled 0° output.

Fig. 7. In Fig. 8(c) the polarized output decreases as the input injection current increases, and thus shifts
in phase by 180° with respect to the amplitude modulation in Fig. 8(b), confirming polanzatlon
modulation.

Figure 9 depicts the polarized output behavior of the cruciform air-post VCSEL under large signal
modulation.14 The top curve in Fig. 9(a) shows the input AC voltage waveform at 1 MHz, corresponding
to modulation from below threshold to above the polarization transition, points A and D, respectively, in
Fig. 7. In this manner a 0° polarized output signal at twice the input frequency can be generated as shown
in the lower curve in Fig. 9(a). The two output peaks per input cycle arise from the cessation of lasing as
the current goes below threshold and from switching to the 90° polarization as the current goes above the
polarization switching transition. As the input frequency increases, the intensity of one of the polarized
output peaks decreases, and, as evident in the lower curve in Fig. 9(b), ultimately disappears for
modulation frequencies =210 MHz. Multiple polarization switching transitions have also been observed
from implanted gain-guided cruciform VCSELs as shown in Fig. 10. By adjusting the amplitude of the
AC drive voltage, complementary polarized digital switching shown in Fig. 11(a), or frequency doubling
of both eigen polarizations shown in Fig. 11(b), is obtained.

The polarization switching transitions of the cruciform VCSEL:s are thought to arise from interactions
between the eigen polarizations rather than the laser gain/cavity resonance overlap. For the lasers shown
in Figs. 7 and 10, the gain is always red-shifted relative to the cavity resonance so spectral alignment does
not occur during operation of these VCSELs. It appears that the cruciform geometry equalizes the gain of
the two orthogonal eigen polarizations or at least modifies the gain competition between them. Because the
cross-shaped gain region is uniformly pumped, the polarization switching may arise from spatial and/or
spectral hole burning between the eigen polarizations. As gain is clamped for one polarization, carrier
inversion increases for the orthogonal polarization leading to its eventual lasing. In any event, the
maximum polarization modulation frequency of cruciform VCSELS, although faster than the thermally-
limited response of the circular VCSELSs, is found to be limited to the few 10's of MHz regime.
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between the 0° (thick curve) and 90° (thin curve) eigen polarizations.
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polarizations by large signal modulation of the input about the two polarization switching transitions in
Fig. 10. '




6. CONCLUSIONS

The polarization gain-dependence, polarization control, and polarization modulation of VCSELSs have
been reviewed. The power partitioning between the eigen polarizations is correlated with the spectral
alignment of the nondegenerate polarization cavity resonances with the laser gain spectrum. Since this
gain-dependence requires sufficient spectral splitting between the eigen polarizations, some means to
engineer this splitting to influence the gain-dependence are under investigation. At the condition where the
peak gain and the cavity resonance are aligned, abrupt polarization switching and polarization noise can
occur. The polarization gain-dependence does allow polarization control through sufficient blue-shifting
of the gain to select the dominant eigen polarization. Therefore, careful control of the VCSEL cavity
resonance/gain alignment will be necessary to achieve both high-performance and polarization control.

The VCSEL polarization can also be controlled by the transverse geometry of the laser cavity.
Whereas circular VCSELs can have competing orthogonal polarizations, anisotropic transverse cavity
designs, such as rhombus or dumbbell shapes, can select a dominant eigen polarization. The most
stringent polarization control has been observed in visible GaInP VCSELs, where a fixed orientation and a
single dominant polarization state may be intrinsic to the active medium. Finally, exploiting the presence
of the two VCSEL eigen polarizations enables polarization modulation. Electrically controlled polarization
modulation of cruciform VCSELSs to frequencies as high as 50 MHz is demonstrated, along with other
novel manipulations of the polarized output. Polarization modulation at higher frequencies is desirable,
but will likely require an alternative switching mechanism. Nevertheless, the present polarization
modulation could find application as logic states in optical computing applications. Therefore,
understanding, controlling, and exploiting the unique polarization attributes of VCSELs will be
advantageous for their deployment in present and future system applications.
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