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a b s t r a c t

Temperature greatly affects the polarization properties of VCSELs. In this paper, these polarization properties
of top-emitting 850-nm VCSELs are simulated by numerical calculation and then they are verified by
experimental measurement. For a 4-μm aperture VCSEL, polarization switch current reduces from 1.4 mA to
0.4 mA as the temperature increases from 273 K to 323 K, which is caused by the change of the reflectivity of
DBR and differential gain for LP01 transverse-mode. For VCSELs with 8-μm aperture, the first polarization
switch current reduces from 2.1 mA to 0.8 mA as temperature increases from 273 K to 313 K. However, the
second polarization switch current increases from 3.8 mA to 6.3 mA for the same increase in temperature
because of the competition and polarization selection among several higher-order transverse modes. When
the device aperture is further increased to 12 μm or 16 μm, there are several high-order transverse modes
emitting even at small injection current, resulting in a serious competition and selection among themselves.
This is why the polarization characteristics of VCSELs with 12 μm or larger aperture are irregular and
different from those of smaller aperture devices. Our research results provide useful guidelines for the
application of VCSELs operating at different ambient temperatures.

& 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Vertical-cavity surface-emitting laser (VCSEL) is a promising light
source in many applications, such as spectroscopy, optical commu-
nication and optical interconnects [1–4]. And the polarization per-
formance of VCSEL is an important characteristic which influences its
applications and development. For example, data communication
greatly promotes development of the VCSEL technology [5]. However,
the polarization instability increases the noise intensity, which
reduces the signal-to-noise ratio of the optical system, thereby
degrading the link quality [6]. In the spectroscopy application, the
polarization instability will change the contrast ratio of optical power
of the orthogonal polarization light and enlarge the measuring error
[7]. In the air detector, the polarization instability will change the
emitting wavelength and lower the detection accuracy [8]. Therefore,
extensive efforts have been devoted to study the thermal character-
istics of VCSEL for avoiding temperature instability. There are many
ways to avoid the polarization instability of VCSEL, such as high
contrast grating [9], asymmetric current injection [10], asymmetric
oxide aperture [11], selective epitaxy [12], etc.

In this paper, we study the characteristics of a temperature
dependent polarization switch. When temperature increases, the
refractive index of AlxGa1�xAs changes simultaneously. The reflec-
tivities of distributed Bragg reflector (DBR) for the linear polarized
(LP) mode aligning [011] and [011] crystal orientation are diffe-
rent and change as the temperature increases. With a change in
temperature, differential gain will simultaneously change. Here,
we define the LP mode aligning [011] and [011] as H-LP mode and
L-LP mode, respectively. From calculation, we find that the
temperature affects the optical power of two orthogonal polarized
lights. From the experiment, for the single mode emitted by
VCSELs with a 4-μm aperture, the polarization switch (PS) current
reduces from 1.4 mA to 0.4 mA as temperature increases from
273 K to 323 K. However, for a device with an 8-μm aperture, there
are several higher-order transverse-modes which greatly influence
the PS current. The first PS current reduces from 2.1 mA to 0.8 mA
as temperature increases from 273 K to 313 K. However, the
second PS current increases from 3.8 mA to 6.3 mA for the same
increase in temperature. For comparison, we measured the tem-
perature dependent polarization and spectrum characteristics of
the VCSELs with 12-μm and 16-μm apertures. From the experi-
mental results, we find that the light–current curves are not
formed because of serious modes of competition and selection
among higher-order transverse-modes.
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2. Device structure and fabrication process

Fig. 1 illustrates the device schematic of a VCSEL. The VCSEL
structure was grown on n-doped GaAs-substrate by MOCVD. A 20/
34 periods doped Al0.12Ga0.88As/Al0.90Ga0.10As DBR with 20 nm
thick linear graded interfaces was employed for the top/bottom
reflector. The active region contains three 7.2 nm thick GaAs QWs
with 8 nm thick Al0.30Ga0.70As barrier layers. For current and
optical confinement, the Al0.98Ga0.02As layer was placed above
the active region.

A circular mesa was etched deep enough to expose the
Al0.98Ga0.02As layer. Then we utilized wet oxidation technology
to form aluminum oxide aperture of 4 μm/8 μm by oxidizing the
Al0.98Ga0.02As layer. After that, Ti–Au and Au–Ge–Ni–Au were
deposited and annealed as top injection electrode and bottom
electrode, respectively.

3. Results and discussion

Fig. 2 shows the experimental setup for I–P characteristics of
VCSEL which consists of the laser driver (LD), the Peltier tempera-
ture controller (PTC) and the photodetectors (D). On the VCSEL
probe station, H-LP and L-LP modes are separated by the polariza-
tion beam splitter (PBS). The photodetectors will receive the
optical signal and transfer it to the computer in order to obtain
the polarization dependent I–P curves. The Peltier temperature
controller is used to control the temperature of heater.

For a single mode VCSEL operating in H-LP mode [13]
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Here, vgh and gH are, respectively, the group velocities and the
differential gains for H-LP mode, εs is the self-compression coeffi-
cient, PH is the power of H-LP mode, Γ is the confinement factor, η
is the current injection efficiency, J is the injection current, d is the
active region thickness, s is the radius of the VCSEL aperture, Ntr is

the carrier density at transparency, and τe is the carrier lifetime.
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Utilizing the parameters, τe¼1 ns, d ¼0.032 μm, η¼0.7,
gH(L)¼8(8.013)n10�8 μm2, dn/dJ¼3�10�3 mA�1, s¼2 μm, αint¼
0.005 μm�1, Lc¼1.4865 μm, εs(c)¼2.5(5)�10�7 μm3, Ntr¼4�
106 μm�3, dgH(L)/dJ¼�1(�2)10�10 μm2 mA�1, n0H(L)¼3.406(3.40609),
we obtain the I–P curve of H-LP mode by solving the second-order
equation(1). Then by replacing H with L, we can obtain the I–P curve
of L-LPmode. These two I–P curves will have a cross point, namely PS
point, greatly dependent on the temperature. The PS current of
VCSEL is expressed as [13]

Ji ¼
edπs2

η

Ntr

τe
þ

1� rj
ri

ΓτjpðεsþεcÞ
þ ri
Γτeðεs�εcÞ

" #
ð3Þ

ri ¼
εs

vgigiτ
i
p
� εc

vgjgjτ
j
p

ð4Þ

Here, i¼H; Lðj¼ L;HÞ.We can describe the I–P curves shown in Fig. 3
as follows. When the ambient temperature is room temperature
(303 K), the PS current is 1.13 mA. When the injection current is
smaller than that of the PS, the H-LP mode is the only optical output.
On the contrary, when the injection current is larger, the L-LP mode
light has priority to emit.

In VCSELs, the PS current is mainly influenced by the DBR
reflectivity and the differential gain which are also changed by the
temperature. Here the change of the DBR reflectivity is caused by
the change of the refractive indices of DBR materials which are
also functions of temperature [14].
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Using the transfer matrix method (TMM) [15]and Eq. (7), we
can calculate the DBR reflectivity and its change with temperature.
Fig. 4(a) and (b) shows the change of reflectivities of top and
bottom DBRs when the temperature increases. The reflectivities in
both top and bottom DBRs increase when the temperature
changes from 273 K to 323 K. By Eqs. (3) and (4) and material
parameters stated above, we can obtain the PS current at different

Fig. 1. Structure schematic of 850-nm VCSEL.
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Fig. 2. The examination system of I–P characteristics of VCSEL.

0 1 2 3 4 5
0

1

2

3

4

H-LP

O
pt

ic
al

 p
ow

er
 (m

W
)

Current (mA)

L-LP

Fig. 3. The I–P curves of VCSEL at 303 K.
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temperatures. Fig. 4(c) shows the change of PS current as the
temperature increases. When the DBR reflectivity is considered
to be the only factor, we can find that the PS current reduces
from 2.8 mA to 2.4 mA as the temperature increases from 273 K to
323 K.

The differential gain also greatly changes as the temperature
increases. For comparison, we fix the reflectivity as a constant and
calculate the PS current point by making the differential gain
change in an appropriate range [16]. As shown in Fig. 4(d), the PS
point reduces from 1.13 mA to 0.37 mA as the differential gain
increases. These calculation results are well matched to the
experiment results given as follows.

Utilizing the test system in Fig. 2, we measure the polarization
dependent I–P characteristics of VCSEL with aperture of 4 μm at
different temperatures. And Fig. 5(a) shows the temperature
dependent I–P curves for H/L-LP of VCSEL. Fig. 5(b) shows the PS
current of VCSEL with 4-μm aperture at different temperatures.
The PS current decreases from 1.4 mA to 0.4 mA as the tempera-
ture increases from 273 K to 323 K. Both the reflectivity of DBR and

the differential gain analyzed above lead to the experimental
results.

The 4-μm aperture is small enough to form a single mode, and
the PS phenomenon is obvious [17]. However, when aperture
increases, there are multi-transverse modes emitting and polar-
ization state becomes complex [18]. Namely, the polarization state
is the coexistence of multi-transverse modes. Transverse-mode
competition and polarization selection greatly affect the polariza-
tion properties. Temperature dependent PS current will not follow
the law stated above. For example, when the aperture is 8 μm, we
measure the polarization dependent I–P curves at different tem-
peratures. Fig. 6shows the condition when the ambient tempera-
ture increases from 273 K to 313 K and the first PS current reduces
from 2.1 mA to 0.8 mA. For single mode at smaller currents, the
change of PS point is similar to that of the 4-μm aperture.
However, the second PS current, for multi-transverse modes at
larger currents, increases from 3.8 mA to 6.3 mA which is different
for the single mode. Fig. 7(a) shows the spectrum of VCSEL with
8-μm aperture at 293 K. The peak wavelength is 850.4 nm and full
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Fig. 4. The reflectivity of (a) top DBR and (b) bottom DBR, (c) temperature dependent PS current (only reflectivity change considered) and (d) differential gain changes the PS
current when DBR reflectivity is fixed as a constant.
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width at half maximum (FWHM) is 1.4 nm. From Fig. 7(b), we can
find that the peak wavelength red-shifts from 849.6 nm to
853.0 nm when temperature increases from 283 K to 333 K. This
is because when temperature increases, both gain spectrum of
quantum well and resonant wavelength have a red-shift.

For further study, we measure the polarization dependent I–P
curves of the VCSEL with 12 μm and 16 μm aperture at different
temperatures. Fig. 8shows the I–P properties and the lasing spectra

of VCSELs with different aperture diameters. As can be seen, the
I–P curves are not smooth which could be due to the emission of
several transverse modes in large aperture VCSELs at a particular
injection current. Even though the injection current is small, there
are several multi-transverse modes emitting and serious modes
competition. Fig. 9 shows the wavelength red-shift of VCSELs.
For 12 μm, the wavelength shifts from 849.0 nm to 852.2 nmwhen
the temperature increases from 283 K to 333K. And for 16 μm, the
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wavelength shifts from 847.8 nm to 852.2 nm for the same
increase in temperature. The wavelength of VCSEL with 12-μm
or 16-μm aperture has a red-shift like 8 μm because of the red-
shifts of gain spectrum and resonant cavity.

4. Conclusion

In conclusion, we study the temperature dependent PS char-
acteristics of VCSELs with different apertures. When the ambient
temperature increases, the temperature sensitive refractive indices
of AlxGa1�xAs increase the reflectivities of top and bottom DBRs.
Thus the PS current changes due to the change of both DBR
reflectivity and the differential gain with temperature. For devices
with 4-μm aperture, the PS current reduces from 1.4 mA to 0.4 mA
as the ambient temperature increases from 273 K to 323 K.
However, for the 8-μm aperture, there are several transverse-
modes that coexist. Transverse-modes competition and polariza-
tion selection greatly affect the PS current. By measuring experi-
ments, we find that the first (second) PS current reduces
(increases) from 2.1 (3.8) mA to 0.8 (6.3) mA at smaller (larger)
currents as temperature increases from 273 K to 313 K. For larger
aperture (12 μm or 16 μm), there are more transverse-modes
having competition and polarization selection. Further study of
these large aperture VCSELs will be necessary for high power
application.
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