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APPLIED PHYSICS LETTERS VOLUME 82, NUMBER 15 14 APRIL 2003
1.3 mm wavelength vertical cavity surface emitting laser fabricated by
orientation-mismatched wafer bonding: A prospect for polarization control

Yae L. Okuno,a) Jon Geske, Kian-Giap Gan, Yi-Jen Chiu, Steven P. DenBaars,
and John E. Bowers
Department of Electrical and Computer Engineering, University of California, Santa Barbara,
California 93106

~Received 12 December 2002; accepted 19 February 2003!

We propose and demonstrate a long-wavelength vertical cavity surface emitting laser~VCSEL!
which consists of a~311!B InP-based active region and~100! GaAs-based distributed Bragg
reflectors~DBRs!, with an aim to control the in-plane polarization of output power. Crystal growth
on ~311!B InP substrates was performed under low-migration conditions to achieve good crystalline
quality. The VCSEL was fabricated by wafer bonding, which enables us to combine different
materials regardless of their lattice and orientation mismatch without degrading their quality. The
VCSEL was polarized with a power extinction ratio of 31 dB. ©2003 American Institute of
Physics. @DOI: 10.1063/1.1568162#
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Long-wavelength vertical cavity surface emitting lase
~VCSELs! have been extensively studied as low-cost, hig
performance light sources for telecommunications. Howe
compared to edge-emitting lasers, VCSELs have the dis
vantage of not having fundamental selection rules for
polarization axis of output power due to its crystal symme
when fabricated on the conventional~100! plane. This leads
to random polarization switching,1 which causes problem
such as an increased relative intensity noise.2,3 To make po-
larization fixed to one axis of the VCSEL, there has to
some asymmetry introduced in its structure. Previous
proaches include techniques such as fabricating in asym
ric shape4–6 and providing asymmetric mechanical force.7–9

Also, it has been shown theoretically10,11 and
experimentally12,13 that strained multiquantum well
~MQWs! grown on an asymmetric crystal plane have
asymmetric in-plane gain, which leads to a fixed in-pla
polarization axis. These polarization control schemes h
been mainly studied on short-wavelength VCSELs, but re
tively little has been done on long-wavelength VCSELs.

To fabricate long-wavelength VCSELs, various tec
niques have been investigated.14–16 Among them, wafer
bonding is a technique that has enabled long-wavelen
VCSELs to operate continuously up to 115 °C.17,18With this
technique, we can combine two dissimilar materials with
degrading their quality.19 Therefore, it is possible for a
wafer-bonded VCSEL to have an InP-based active reg
and GaAs-based distributed Bragg reflectors~DBRs!. Also,
with wafer bonding, we have the freedom to choose the c
tal planes of active region and DBRs independently. He
we present the fabrication of a wafer-bonded lon
wavelength VCSEL which utilizes a~311!B InP-based active
region and~100! GaAs-based DBRs and investigate its p
larization properties.

Figure 1 is a schematic drawing of the epitaxial lay
structure of our VCSEL. By changing the crystallograph
orientation of the active region to~311!, we can expect to

a!Electronic mail: yae@ece.ucsb.edu
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have not only an asymmetric in-plane gain, but also an as
metric stress provided from two bonded interfaces of~311!B
InP and ~100! GaAs. That is, since~311!B InP and ~100!
GaAs have different symmetries, effective lattice misma
at the interface would be different between two orthogo
in-plane axes.19 We expect this asymmetric stress to have
effect on controlling the polarization axis. To focus on th
effect, the MQWs were designed to have a small lattice m
match so that the asymmetry of in-plane gain prior to bo
ing would be small. The~311!B InP was chosen due to it
feasibility of growth and wafer-bonding processing.

The 2.5l-cavity active region was grown by metalo
ganic chemical vapor deposition~MOCVD! using trimeth-
ylindium, trimethylgallium, tertiarybutylarsine, and tertiary
butylphosphine as the source materials. It consisted of th
identical sets of MQWs and each set consisted of five 50
thick InGaAsP wells with 0.15% compressive strain and fo
100 Å thick InP barriers. DBRs consisted of pairs of Ga
and Al0.9Ga0.1As, and were grown by conventional solid
source molecular beam epitaxy. The top DBR consisted
23.5 pairs, while the bottom DBR had 30 pairs. The VCS
was designed to be optically pumped,17 hence, all structures
were grown undoped.

FIG. 1. Cross-sectional schematic drawing of the VCSEL epitaxial str
ture.
7 © 2003 American Institute of Physics
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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The ~311!B surface has the steplike feature, and ph
nomena such as In atom accumulation at those steps du
growth have been reported.13 Therefore, it is important to
perform growth under low-migration conditions such as lo
temperature and high V/III ratio. Figure 2 compares pho
luminescence~PL! spectra from MQWs grown under differ
ent conditions. As can be seen, when grown under h
migration conditions at which the growth temperature~Tg! is
615 °C and the V/III ratio is 50, the PL intensity degraded
half of that from MQWs grown on~100! substrate at the
same time.

The PL intensity and shape is comparable to that
~100! when grown under low-migration conditions at whic
Tg is 550 °C and V/III ratio is 100. However, a notable fact
a blueshift of the emission peak by about 40 nm. By co
paring compositions of bulk InGaAsP materials grown
~311!B and~100!, it was found that this blueshift is due to
large reduction in In incorporation and a small reduction
As incorporation on the~311!B surface. It is believed that In
tends to desorb from step corners on the~311! surface.12

Since the strain in the MQWs was small, little piezoelect
effect was expected. A low-temperature PL experim
showed no peak shift by changing excitation power, confir
ing this expectation.

After the material growth, wafer bonding was perform
to fabricate the VCSEL. First, the surfaces of the active
gion and one DBR were chemically cleaned and then t
were placed face to face with their@01̄1# cleaved facets
aligned, and annealed at 650 °C with an applied pressur
about 1 MPa. The InP substrate was selectively etched
mixture of HCl and H2O from its back side, i.e.,~311!A
plane. Then another DBR was wafer bonded in the sa
way. To avoid having any unintentional geometric asymm
try, there was no patterning etching performed after bond
hence, the VCSEL was tested as bonded.

Figure 3 shows a cross section image of the active reg
bonded onto a plain GaAs substrate taken by transmis
electron microscope. No dislocations can be observed in
structure. An atomic bonding between these two mater
was observed in a high-resolution image.

Figure 4 compares PL spectra from the active region
grown on ~311!B InP and bonded onto GaAs substrate.
intensity after the bonding is as good as that of as gro

FIG. 2. PL spectra from MQWs grown on~311!B ~solid lines! and ~100!
~broken lines! substrates, under low-migration~thick lines! and high-
migration ~thin lines! conditions.
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even though bonding was performed at a temperature 10
higher thanTg. In an experiment with InGaAsP as the barri
material, the PL property degraded after the bonding, p
sumably due to interface mixing occurring at the well/barr
interfaces during the annealing process.20 This problem was
solved by employing the InP barriers.

The VCSEL was optically pumped by a 980 nm edg
emitting laser which was linearly transverse electric~TE!
polarized. From an absorption measurement, it was predi
that the VCSEL would have maximum and minimum ga
axes at@ 2̄33# and@01̄1#, respectively.20 Therefore, the VC-
SEL was positioned in a way that its@ 2̄33# and @01̄1# axes
are both 45° off from the TE axis of the pump laser, so th
there was no pumping preference between them. Meas
ments were also done by positioning the VCSEL differen
to confirm that@ 2̄33# was the maximum gain axis.

Figure 5 shows the polarization-resolved output pow
plot of the VCSEL. As shown in the inset, it lased sing
mode up to 2Pth , wherePth is a threshold pump power. Th
power plotted in Fig. 5 is that of the strongest mode m
sured by an optical spectrum analyzer at 0.1 nm resolut
The VCSEL showed polarization-controlled behavior w
an extinction ratio of 31 dB. However, in some regions, p
larization switching or decrease of extinction ratio was o

FIG. 3. Cross-sectional transmission electron micrograph of the active
gion bonded onto the GaAs substrate. Total thickness of the active re
~indicated by an arrow! is about 1mm.

FIG. 4. PL spectra from the active region. Broken line: As grown on~311!B
InP, solid line: Bonded onto GaAs substrate.

IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp



in
tr
ti-
nc
llo

he

t
-
-
n
ik
P

to
ed
of
w
u
a

ess
hat
ing

n
sup-

. T.

a,

.

a,

hys.

ett.

and

a,

.

ng,
. J.

ett.

A.

w-

n.

v

2379Appl. Phys. Lett., Vol. 82, No. 15, 14 April 2003 Okuno et al.
served when pumped at high power past the rollover po
Therefore, it can be said that the stress from asymme
interfaces is effective in controlling polarization in a prac
cal range, but not strong enough for perfect control. Si
the maximum gain axis is the same as that by crysta
graphic asymmetry of~311!B,11–13we can expect to improve
the polarization behavior by adding large strain in t
MQWs.

In conclusion, we have fabricated a long-waveleng
VCSEL which utilized a~311!B InP-based active region in
stead of a conventional~100! InP-based active region in or
der to achieve polarization control. MOCVD growth o
~311!B InP showed distinctive properties due to the stepl
feature of this surface. The active region maintained good
properties after it was wafer bonded to~100! GaAs. A VC-
SEL was formed by double bonding the active region
~100! GaAs-based DBRs. It showed polarization-controll
behavior with maximum/minimum power extinction ratio
31 dB between its two orthogonal axes. This behavior, ho
ever, deteriorated at high power operation in some meas
ment points. These results suggest that the bonded interf
between~311!B InP and ~100! GaAs provide asymmetric

FIG. 5. Polarization-resolved single-mode output power of the VCSEL
pump laser power. The polarizer was at@ 2̄33# axis ~circle! or at @01̄1# axis
~triangle! of the VCSEL. Inset is spectra at 137 mW pump power~filled
marks!.
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stress effective to control in-plane polarization, but the str
is not large enough. We can add strain in MQWs so t
more complete polarization control can be expected us
this technique.
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