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Investigation of the mode splitting induced by electro-optic
birefringence in a vertical-cavity surface-emitting laser by
polarized electroluminescence*
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The mode splitting induced by electro-optic birefringence in a P-I-N InGaAs/GaAs/AlGaAs vertical-cavity surface-
emitting laser (VCSEL) has been studied by polarized electroluminescence (EL) at room temperature. The polarized EL
spectra with £ || [110] and E || [110] directions, are extracted for different injected currents. The mode splitting of the two
orthogonal polarized modes for a VCSEL device is determined, and its value increases linearly with the increasing injected
current due to electro-optic birefringence. This article demonstrates that the polarized EL is a powerful tool to study the

mode splitting and polarization anisotropy of a VCSEL device.
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1. Introduction

The vertical-cavity surface-emitting laser (VCSEL) has
many advantages compared to an edge-emitting laser, such as
low threshold currents, two-dimensional array operation, sin-
gle mode operation and circular spot profiles of the output
light.!'l Therefore it has attracted much research interest in
recent decades.!'®) A VCSEL device usually emits two or-
thogonally polarized lights along two specific crystal direc-
tions, such as [110] and [110] directions for (001) GaAs-based
VCSELs.
vice with a high degree of in-plane isotropy, these two trans-

For an ideal rotationally symmetric VCSEL de-

verse modes are degenerate. However, the unavoidable resid-
ual stress, internal electric field or the noncircular shape of
the VCSEL will break the symmetry, and introduce birefrin-
gence into the structure. The birefringence will lift the po-
larization degeneracy and result in a frequency splitting of
the two polarization modes. Thus, the cavity resonances in
the [110] and [110] directions are different. It is reported
that the value of the mode splitting plays an important role
in determining both the mechanism of polarization switch-
ing of a VCSEL,!""! and the design of polarization stable

devices. 112

I However, it is very difficult to directly obtain the
splitting by spectroscopies, even at much lower temperatures,
due to the fact that the birefringence splitting (typically several

tens to hundreds of peV) is much smaller than the inhomoge-
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neous broadening of the linewidth of the spectrum (typically
2 meV-3 meV). Nowadays, there are several techniques which
can directly measure the mode splitting of a VCSEL device,
for example, planar Fabry—Perot interferometer,!!:1?1 polar-

(121 and reflectance difference spec-

ization beat technique,
troscopy (RDS)."! Planar Fabry—Perot interferometer makes
use of a large number of interfering rays between two closely
spaced partially silvered surfaces to obtain high spectral res-
olution (about 1 GHz). The polarization beat technique mea-
sures the intensity of the noise spectrum of the laser output af-
ter a polarizer. If the polarizer is oriented at an angle between
the polarization axes of the two modes, a beat peak is observed
in the noise spectrum. The frequency of this peak is equal to
the frequency splitting between the two modes.!"?! Compared
to the planar Fabry—Perot interferometer, it has a higher spec-
tral resolution. These two methods can directly measure the
mode splitting of a laser, but the measurement system is quite
complex. RDS measures the reflectance difference of a VC-
SEL structure, and then obtains the mode splitting by spectra
fitting. Compared to the two methods mentioned above, its
advantages are seen in its ability to study the mode splitting
of a wafer-scale VCSEL structure. However, its data analy-
sis is more complex. In this paper, we present a new method
using polarized electroluminescence (EL) to quantitatively ob-

tain the mode splitting induced by electro-optic birefringence
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in a P-I-N InGaAs/GaAs/AlGaAs VCSEL at room tempera-
ture. Compared to the previous methods we mentioned above,
it uses more simple equipment and has an easier data anal-
ysis approach. In this paper, the polarized EL spectra with
E || [110] and E || [110] directions, respectively, are extracted
for different injected currents. Then we obtain the mode split-
ting of the two orthogonal polarized modes for a VCSEL de-
vice under different injected currents, and we find that the
mode splitting changes linearly with the injected current due
to electro-optic birefringence.

2. Model and method

The VCSEL studied here consists of three 7.5-nm-
thick InGaAs quantum wells (QWs) centered in a 1A
cavity of Al,Ga;_,As graded structure, with the p-doped
top and n-doped bottom distributed bragg reflectors (DBR)
formed with alternating graded layers of 31 and 25 pairs
of Al,Ga;_;As/Al,Ga;_,As (x = 0.9-0.15, y = 0.15-0.9)
quarter-wave stacks, respectively. The p contact is made by
depositing Au/Zn, and the n contact is made of a Au/Ge/Ni/Au
metal multilayer structure. The air-posed VCSEL device is
bottom-emitting with a central aperture of 400 wm for the laser
emission. The L-I-V characteristics of the VCSEL device are

shown in Fig. 1.
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Fig. 1. The L-I-V characteristics of the VCSEL device.

The setup of the polarized EL system is shown in Fig. 2.
In this system, light emitted from the VCSEL device goes
through a convex lens to become a quasi-parallel beam, and
then it goes through another convex lens to be focused on the
slit of the monochromator, as shown in Fig. 2. Then the light
goes through a photoelastic modulator (PEM), a polarizer, a
monochromator, and is finally detected by an InGaAs photo-
electric detector. The optical axial of the PEM is rotated by
an angle of 45° in the x—y plane and the transmission axis of
the polarizer is parallel to the x direction. Here x is parallel to
the [110] crystallographic orientation. The spectral resolution
is about 1 nm (FWHM). In order to study the influence of the

electro-optic effect on the mode splitting, we introduce a pulse
current with a repetition rate of 1 kHz and with a duty cycle of
3% flowing along [001] direction.
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Fig. 2. (color online) A schematic drawing of the polarized EL system.

By using the Mueller matrix approach,!'?! the intensity
detected by the detector can be written as

T

T
1= = (Inop+ o) + 7 (o) — Zaio))Jo(fo), )]

where 1} (I}11¢)) is the intensity of the light polarized along
[110] ([110]) crystallographic orientation emitted from the
VCSEL device, Jj is a zero-order Bessel function, and ¢ is
the phase retardation introduced by the PEM. If we turn off
the PEM, ¢y equals zero, and Jy(0)=1; while if we turn on the
PEM and set

do=05x2m,  Jo(do) = —0.304.

Denoting the intensity detected by the detector as Iog and Iy,
when ¢ equals 0 and 0.5 x 27, respectively, and according to

Eq. (1), we have

Ijigp = 0.5624 X Iogp — 0.2441 X Loy, 2)
Iytg) = —0.4139 X Iogy +0.7322 X Iop. 3)

Thus, we can extract the polarized EL spectra Ij; 10 and /1,
from the experimentally measured EL signal I,, and I ac-
cording to Egs. (2) and (3). By changing the injected current,
we can obtain the polarized EL spectra Iy o) and /j;o under
different injected currents, and finally obtain the mode split-
ting due to electro-optic birefringence of the VCSEL device
under different injected currents.

3. Results and discussion

Figure 3 shows the EL spectra when PEM is on with
¢=0.5 x 27 and off with ¢ = 0, respectively, under injected
current of (a) 800 mA, (b) 600 mA, (¢c) 500 mA, and (d)
400 mA. Then using Egs. (2) and (3), we can obtain the polar-
ized EL spectra I} and I}, jo) under different injected currents
from the experimentally measured EL spectra I, and Iy, as

shown in Fig. 4.
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Fig. 3. The EL spectra when PEM is on (solid lines) with ¢ = 0.5 x 27

and off (dashed lines) with ¢ = 0, respectively, under injected current
of (a) 800 mA, (b) 600 mA, (c) 500 mA, and (d) 400 mA.
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Fig. 4. The polarized EL spectra f];1q] (solid lines) and I110) (dashed
lines) under injected current of (a) 800 mA, (b) 600 mA, (c) 500 mA,
and (d) 400 mA extracted from Fig. 3 using Egs. (2) and (3).

It can be seen that there is an energy difference, i.e. mode
splitting, between these two orthogonally polarized modes,
and the mode polarized along [110] direction locates at a
longer wavelength side than that polarized along [110] direc-
tion. From Fig. 4 we can easily obtain the mode splitting
AE = Ej110) — E o) of the VCSEL device under different in-
jected currents, which is shown in Fig. 5. The solid circles
are the experimental results and the line is the linear fitting re-
sult. It can be seen that the absolute value of the anisotropic
mode splitting AE (or AV) increases linearly with the increas-
ing injected current at a slope of 0.042 GHz/mA. Specifically
speaking, when the injected current is increased from 400 mA
to 800 mA, the mode splitting is changed from —10.2 GHz
to —26.5 GHz nearly linearly. This can be attributed to the
linear electric-optic effect, i.e. when an electric field E is ap-
plied along [001] direction, the refractive index along [110]
and [110] directions np10) and ny;1q) can be expressed by the

following equations!’!

3
_ _nO E
n110] = 1o 2r )

3
Mol = 1o+ 2 rE )
[110] 0 2 :

Here ny is the refractive index without an electric field, and r
is the electro-optic coefficient of Al,Ga;_,As. From Eq. (4)
we can see that the birefringence of the material shows lin-
ear dependence on the electric field. As a result, the mode
splitting induced by the birefringence changes linearly with
the applied electric field. The mode splitting observed in this
experiment is in reasonable agreement with that observed in
a commercial proton implanted 780-nm AlGaAs QW VCSEL
device (3 GHz-22 GHz) measured by high-resolution spec-
tral measurements reported in Ref. [14]. The minor differ-
ence in AE between our result and that reported in Ref. [14]
may be attributed to the difference of the structure of the de-
vices, since the value of the mode splitting depends on the
structure of the VCSEL device and will vary from sample
to sample. In our previous works, we studied the uniaxial
strain dependence (Ref. [5]) and the temperature dependence
(Ref. [15]) of the mode splitting induced by birefringence in an
InGaAs/GaAs/AlGaAs VCSEL structure. We found that the
mode splitting of the two VCSEL samples was —5.8 GHz and
—10 GHz at room temperature without external strain. The
small difference in these two values may be due to the fact
that in different positions of the wafer, the residual stresses are
different, which finally result in different birefringences. It is
worth noting that the mode splitting measured by RDS in our
previous works were carried out in wafer-scale VCSEL struc-
tures, while in this work, the mode splitting is measured in a
VCSEL device. Since the preparing process of the device will
introduce additional strain, it is reasonable that the mode split-

ting presented in the device is different from that presented in

the wafer.
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Fig. 5. The mode splitting of the VCSEL device as a function of in-
jected current extracted from Fig. 4. The solid circles are the experi-
mental data, and the solid line is the linear fitting result.
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4. Conclusions

In conclusion, we have presented a new method us-
ing polarized EL to quantitatively obtain the mode split-
ting induced by electro-optic birefringence in a P-I-N In-
GaAs/GaAs/AlGaAs VCSEL at room temperature. The polar-
ized EL spectra with E || [110] and E || [110] directions under
different injected currents are extracted, respectively. Then the
mode splitting between the two orthogonally polarized modes
under different injected currents is determined. It is found
that the mode splitting changes linearly with the injected cur-
rent, which can be attributed to electro-optic birefringence. We
demonstrate that the polarized EL is a powerful tool to study
the mode splitting and polarization anisotropy of a VCSEL de-
vice.
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