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The authors present experimental results showing that polarization selective optical feedback from
an extremely short external cavity induces switching between the two fundamental transverse modes
with orthogonal linear polarization of the otherwise �without optical feedback� polarization stable
vertical cavity surface emitting laser. Moreover, when properly selecting the external cavity length
within a subwavelength range the polarization state of the emitted light can be chosen in either of
the two fundamental transverse modes and stabilized against injection current variations. The
numerical results reported are in good agreement with experiments. © 2007 American Institute of
Physics. �DOI: 10.1063/1.2714301�

Their inherent performance advantages over the conven-
tional edge emitting lasers, such circular beam shape, two-
dimensional array fabrication, and high speed of operation,
have made the vertical cavity surface emitting lasers �VC-
SELs� very desired laser sources for a broad range of appli-
cations. However, VCSELs suffer from a nonstable polariza-
tion. Small, unpredictable anisotropies introduced during the
manufacturing process make VCSELs have two preferred or-
thogonal polarization directions of the fundamental trans-
verse mode.1,2 The net gain difference between these two
orthogonal linearly polarized �LP� modes is small and polar-
ization switching �PS� can happen when changing the injec-
tion current and/or the temperature of operation of the
device.3,4 In order to avoid such uncertainty in VCSEL po-
larization many different techniques based on introducing
polarization dependent modal gain and/or loss have been
proposed so far �see, for example, Refs. 5–7�. With such
techniques the VCSEL polarization is fixed during fabrica-
tion and cannot be changed afterwards. On the other hand,
polarized and isotropic optical feedbacks from short and long
external cavities have been proposed to achieve active polar-
ization control of VCSELs.8–11 Even polarization stabiliza-
tion has been shown in the case of high strength polarized
optical feedback.12–14 Such a technique allows to actively
control the VCSEL polarization but it cannot be imple-
mented monolithically and the feedback strength required
may lead to laser instabilities. In order to overcome those
drawbacks, research has been driven towards much smaller

external cavities of a few tenths of a micrometer. Recently,
polarization active control and stabilization of VCSELs have
been achieved using an isotropic optical feedback from an
extremely short external cavity �ESEC�,15,16 turning to be a
very generic approach.17 Theoretically, it has also been pre-
dicted that the impact of a polarization selective optical feed-
back from an ESEC on the VCSEL polarization would be
much stronger.18 However, experimental evidences have not
been presented so far. In this letter we present experimental
results showing how polarized optical feedback from an
ESEC affects the polarization of the VCSELs. We prove that
polarization active control and stabilization of VCSELs is
possible by selecting the external cavity length. A very good
agreement between the experimental results and the numeri-
cal simulations carried out using the model presented in Ref.
18 is also demonstrated.

In the experiments we use an oxide-confined
GaAs/ InGaAs quantum well VCSEL emitting at 1.005 �m.
The solitary VCSEL �without optical feedback� emits in its
fundamental transverse mode up to 1.75 times the threshold
current. Although no special measures were taken to intro-
duce polarization dependent gain/losses in the VCSEL, the
polarization of the emitted light is measured to be linear and
stable against injection current variations within the current
operation range of the device. A more complete description
of the laser is presented elsewhere.16 The ESEC is made by
placing a single mode optical fiber at a few micrometers
from the VCSEL with a polarization dependent mirror glued
at its front face with an index matching glue. The polariza-
tion dependent mirror is a subwavelength grating made of
SiO2 and Si3N4. The spectral dependence of its reflectivity is
shown in Fig. 1. At the wavelength of operation of the VC-
SEL �1005 nm� the reflectivity of the grating is measured at
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a normal incidence to be R� =7.25% and R�=3.55% for lin-
ear polarization parallel and perpendicular to the direction of
the grating, respectively. In order to allow for a precise align-
ment, the fiber and the VCSEL are mounted on a five axis
translation stage and on a three axis piezoelectric controlled
translation stage, respectively. The external cavity �EC�
length is varied by moving the VCSEL along the direction of
the light emission by means of one of the piezocomponents
of its stage in steps of 20 nm and with a precision of 5 nm.
The EC lengths reported in the following are relative—the
zero corresponds to an EC length smaller than 20 �m.16 The
light emitted by the laser is coupled into the single mode
optical fiber through the polarization dependent mirror. This
allows measuring of the polarization resolved optical power
at the far end of the fiber with one beam splitter, two polar-
izers, and two photodetectors. The far end of the fiber is
ended in an FC-APC connector to avoid feedback from the
fiber-air interface. An all fiber polarization controller is used
in order to compensate any possible unintentional birefrin-
gence introduced in the fiber.

As we have already mentioned VCSELs emit in two
orthogonal LP fundamental transverse modes. Due to the bi-
refringence of the laser cavity, these two LP modes have
slightly different frequencies and are, therefore, referred to in
the rest of the letter as the high and low frequency LP modes.
First, we orient the axes of the subwavelength grating at 45°
from the axes of these two LP modes. We decrease the EC
length in steps of 20 nm and at each EC length we vary the
injected current �from 2 to 12 mA and back to 2 mA in steps
of 0.1 mA� and measure the polarization resolved power ver-
sus current �PI� curves. The impact of the optical feedback
from the grating on the polarization properties of the VCSEL
can be observed by mapping the polarization of emission on
the plane EC length-injection current �see Fig. 2�a��. As can
be observed from Fig. 2�a�, the emitted polarization does not
depend on the EC length and the VCSEL exhibits the same
polarization characteristics as in the solitary case �high fre-
quency mode stable independently of the injection current�.
The only dependence on the EC length in the mapping is the
modulation of the threshold current with half of the wave-
length of operation of the VCSEL.19 Such a mapping re-
sembles the case of optical feedback from a low reflectivity
polarization insensitive mirror.17 Indeed, for a grating orien-
tation of 45° the mirror reflectivity seen by the high fre-
quency mode �RH� and the one seen by the low frequency
mode �RL� are equal. Therefore, the measured mapping is
similar to the one obtained with a polarization insensitive
mirror of a similar reflectivity �compare Figs. 2�a� and 2�b��.

We now align the axes of the grating with the ones of the
VCSEL LP modes in such a way that the high frequency
mode polarization is parallel to the direction of the grating
�RH=R� =7.25% and RL=R�=3.55%�. We sweep again the
EC length and the injection current and map the polarization
state �see Fig. 3�a��. As it can be seen from this figure, the
threshold current is modulated again with a period equal to
half of the wavelength of operation of the VCSEL, but the
amplitude of such a modulation is, however, larger than in
the previous situation �see Fig. 2�a��. Within each period of
modulation and selecting the EC length we can observe three
different polarization resolved power versus current curves.
The VCSEL can show stable polarization operation either in
its high �cut A in Fig. 3�a�� or its low �cut B in Fig. 3�a��
frequency mode at any injection current or it can exhibit
polarization switching through a hysteresis region �cut C in
Fig. 3�a��. The current at which PS occurs can be widely
tuned by selecting the EC length. Therefore, both a polariza-
tion control and a polarization stabilization of VCSELs can
be achieved by means of polarization dependent feedback
from an ESEC. The selection of the stable polarization mode
is performed by choosing the EC length.

Now, we orient the axis of the grating at 90° with respect
to the axes of the VCSEL LP modes, i.e., the low frequency
mode polarization is now parallel to the direction of the grat-
ing �RL=R� =7.25% and RH=R�=3.55%�. With such a con-

FIG. 1. Experimentally measured reflectivity spectrum for light linearly
polarized parallel to the grating grooves �R�� and perpendicular to them
�R��.

FIG. 2. Experimentally obtained mapping of the polarization states of a
VCSEL subject to optical feedback from an ESEC. �a� External mirror is a
diffraction grating with axes oriented at 45° with respect to the axes of the
VCSEL LP states. �b� Cleaved facet of the fiber �external mirror reflectivity
of 4% �RH=RL=4% ��. The thick black line represents the threshold current
below which the laser is not emitting �zone I�. In zone II the VCSEL is
stable and emits in its high frequency mode.

FIG. 3. Experimentally obtained mapping of the polarization states of a
VCSEL subject to polarization sensitive optical feedback from an ESEC.
The orientation of the grating grooves is parallel to the �a� high frequency
mode polarization direction �RH=R� =7.25% and RL=R�=3.55%� and �b�
low frequency mode polarization direction �RL=R� =7.25% and RH=R�

=3.55%�. A grayscale is used to distinguish between the different zones. The
darkest gray zone �zone III� between zones II and IV represents the bistable
region. The thick black line represents the threshold current below which the
laser is not emitting �zone I�. In zone II �IV� the VCSEL is stable and emits
in its high �low� frequency mode.
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figuration both the polarization stabilization and the polariza-
tion control are again possible. The mapping of the
polarization states shows again regions of EC length at
which either the high or the low frequency mode is stable
against current variations �see Fig. 3�b��. However, the loca-
tion of such stable regions has changed within each period of
modulation of the threshold current with respect to the pre-
vious grating orientation �compare Figs. 3�a� and 3�b��.

We numerically simulate the ESEC-VCSEL system us-
ing a two mode rate equation model presented in Ref. 18.
The parameters and their meanings are given in Ref. 18 ex-
cept for the following: n0

H�L�=3.3916�3.391 95�, dn /dJ=2.7
�10−3 mA−1, gH�L�=2.17�2.118��10−8 �m2, dgH�L� /dJ=
−9�−8.6��10−10 �m2 mA−1, s=3 �m, Lc=1.7695 �m,
�s�c�=2.5�5��10−5 �m3, and r2=0.9838, which are chosen
to fit the solitary VCSEL PI curve.16 Figure 4 shows the
numerically obtained mapping of the polarization states for
two different configurations of the external mirror reflectivi-
ties, demonstrating good agreement with the experimental
results. Our model explains the polarization stabilization as a
consequence of the loss difference between the LP modes
introduced by the external polarization dependent mirror.
Due to a change in the phase of the reflected field, the losses
of each LP mode are periodically modulated when varying
the EC length.15 The different mirror reflectivities for the two
LP modes make the modulation amplitude of the losses dif-
ferent for the two modes. This leads to a very large ampli-
tude modulation of the net gain difference between modes.
Such a large net gain difference modulation allows for con-
trolling the polarization of the VCSEL over the full range of
injection current by slightly changing the EC length �for ex-
ample, around 11 �m in Fig. 4�a��. The very thin hysteresis
region observed within each threshold modulation period is
not vertical because of the wavelength variation due to cur-
rent induced self-heating of the laser.

Summarizing, we present experimental results showing
that polarization sensitive optical feedback from an ESEC
can induce switching between the two fundamental trans-
verse modes with orthogonal linear polarization of the oth-
erwise polarization stable VCSEL �without optical feed-
back�. Moreover, by properly selecting the EC length within

a subwavelength range we can stabilize the polarization of
the light emitted by the VCSEL against injecting current
variations in any of the two fundamental transverse modes.
Our numerical results are in good agreement with the experi-
ments. They reveal that the modulation of the difference of
the losses between the two LP modes caused by the nonequal
external mirror reflectivities is responsible for the strong po-
larization dependence on the EC length. The present external
mirror polarization anisotropy �reflectivities of 7.25% and
3.55% for the two orthogonal polarizations� is enough to
make polarization properties of the VCSEL depend mostly
on the EC length than on the injecting current. Therefore, the
polarization selective optical feedback is a very promising
and generic technique to achieve active polarization control
and stabilization of VCSELs. A monolithic device imple-
menting such an idea is suggested in Ref. 20, namely, grow-
ing a second cavity on the VCSEL and etching a surface
grating on top of it.
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FIG. 4. Numerically obtained mapping of the polarization states of a VC-
SEL subject to polarization sensitive optical feedback from an ESEC. The
external mirror reflectivity is set to �a� RH=7.25% and RL=3.55% and �b�
RH=3.55% and RL=7.25%. A grayscale is used to distinguish between the
different zones in the same way as in Fig. 3.
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