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Influence of the injection current sweep rate on the polarization switching
of vertical-cavity surface-emitting lasers
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We study the polarization switching of vertical-cavity surface-emitting lasers based on simulations
of the spin-flip model. We show that the switching point depends on the ramp signal used to scan
the injected current. Fast current ramps enlarge the hysteresis region since the switching point
moves to high pump values for increasing injection and to low pump values for decreasing injection.
The delay of the bifurcation follows a power law with the slope of the current ramp. © 2006
American Institute of Physics. �DOI: 10.1063/1.2160711�
Vertical-cavity surface-emitting lasers �VCSELs� are
emerging as a compact source for high-bit-rate data transmis-
sion because they have many advantages over conventional,
edge-emitting lasers. A drawback of VCSELs is a polariza-
tion instability that arises because the orientation of the po-
larization of the emitted light is not fixed by geometrical
constraints. Due to residual anisotropies �that break the cir-
cular transverse symmetry� the output of a VCSEL is linearly
polarized along one of two orthogonal directions. When the
VCSEL begins to lase one linear polarization dominates, and
when the injection current is increased in many devices it is
observed that the emission switches to the orthogonal linear
polarization.1 This polarization switching �PS� phenomenon
can be detrimental for polarization-sensitive applications and
has received a lot of attention.2–8

Usually PS is studied by varying periodically the in-
jected current applied to the VCSEL. The static intensity-
current response �SI-CR� is usually taken as a reference to
predict the response of the device. Studies in nonlinear op-
tics, of the optical transistor, for instance, have shown that
this use of the static response is valid only at low modulation
frequency of the injected current.9 At high modulation fre-
quency, the system cannot follow the injected signal modu-
lation any more and the SI-CR becomes irrelevant. Modula-
tion frequencies are high or low compared to the longest
decay rate of the VCSEL. In principle, this is given by the
damping rate of the relaxation oscillation frequency �ROF�.
However, if the device is operated close to a bifurcation
point, a critical slowing down is induced which leads to a
new and much longer time scale.10 In this case, the critical
frequency separating high and low frequencies is redshifted.
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As a result of critical slowing down, a modulation frequency
much lower than the ROF may have to be treated as a fast
modulation frequency if the device is operated sufficiently
close to a bifurcation. This calls for a careful dynamical
analysis of a VCSEL response to a time-varying injected
current.

The PS is an example of a parameter swept across a
bifurcation. Let us consider a system that has a control pa-
rameter � and a �static� bifurcation point �c such that one
state is stable if ���c and another state is stable if ���c.
When the control parameter is varied continuously in time
from �i��c to � f ��c the bifurcation point is shifted from
�c. In optics a well-known example is the turn-on of a laser,
which corresponds to a sweep across a bifurcation represent-
ing the transition from the “off” to the “on” state �see Ref. 11
and references therein�. It is observed that when a low-
frequency triangular signal is used to scan the injected cur-
rent �upward and downward� the turn-on and the turn-off are
continuous and take place upward and downward at a value
that defines the threshold J=Jth. This corresponds to a “qua-
sistatic” situation in which the laser reaches the steady state
before the current changes appreciably. However, when a
high-frequency signal is used the laser turns on suddenly at a
value J*�Jth, and hysteresis is observed because the laser
remains on until J=Jth when the current is decreased.

In this letter we study the PS phenomenon focusing on
the influence of the slope of the ramp signal used to scan the
injected current. We analyze the polarization-resolved light-
current �L-I� characteristic and show that the PS point de-
pends on the slope of the current ramp. For high-frequency
ramps, when the current is increased the PS moves to high
injection values, and when the current is decreased the PS
moves to low injection values. This enlarges the hysteresis
region with respect to the quasistatic case of a low-frequency

current ramp. We also find a scaling law that relates the delay

© 2006 American Institute of Physics8-1

 AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp

http://dx.doi.org/10.1063/1.2160711
http://dx.doi.org/10.1063/1.2160711
http://dx.doi.org/10.1063/1.2160711


026108-2 Masoller, Torre, and Mandel J. Appl. Phys. 99, 026108 �2006�
of the bifurcation with the injection current sweep rate.
We use the spin-flip model12 that incorporates material

birefringence, saturable dispersion, and the spin sublevels of
the conduction and valence bands by considering two carrier
populations, N+ and N−, with positive and negative spin val-
ues. The rate equations for the x- and y- linearly polarized
slowly varying complex amplitudes, Ex and Ey, the total car-
rier density, N=N++N−, and the carrier difference, n=N+

−N−, are

Ėx,y = k�1 + j����N − 1�Ex,y ± jnEy,x� � ��a + j�p�Ex,y

+ ��sp�x,y , �1�

Ṅ = �N�� − N�1 + �Ex�2 + �Ey�2� − jn�EyEx
* − ExEy

*�� , �2�

ṅ = − �sn − �N�n��Ex�2 + �Ey�2� + jN�EyEx
* − ExEy

*�� . �3�

Here k is the field decay rate, �N is the decay rate of the total
carrier population, �s is the spin-flip rate, � the linewidth
enhancement factor, and �a and �p are linear anisotropies
representing dicroism and birefringence. �sp is the strength
of the spontaneous emission noise and �x,y are independent
Gaussian white noise sources with zero mean and unit vari-
ance. �=J /Jth where J is the injection current and Jth is the
threshold current.

In the absence of anisotropies the model has linearly
polarized solutions with arbitrary orientation of the polariza-
tion. When �a�0 and/or �p�0 the solutions are either two
orthogonal linear polarizations ��Ex�2=�−1, �Ey�2=0 and
�Ex�2=0, �Ey�2=�−1� or elliptically polarized states. Their
stability is determined by the net gain-to-loss ratio, the bire-
fringence, and the saturable dispersion of the material.

We simulated the model equations with typical VCSEL
parameters: k=300 ns−1, �=3, �n=1 ns−1, �s=50 ns−1, �sp

=10−5 ns−1, and Jth=1.8 mA. The injection current was in-
creased linearly from Ji=1.6 mA to Jf =4.5 mA in a time
interval 	T. To check for bistability and hysteresis, J was
then decreased back to Ji, also in a time interval 	T. The
duration of the current ramp 	T was varied from 102 ns �fast
ramps� to 104 ns �slow ramps�. To simulate the experimental
current ramps J was varied in small steps of dJ=0.001 mA.

Figures 1–3 display the L-I curve for different types of
PS �for �a�0 there is a PS from x- to y-, Figs. 1 and 2; for
�a�0 there is a PS from y- to x-, Fig. 3�. The left column
displays �Ex�2 and �Ey�2, averaged over a time window of 1 ns
to simulate the bandwidth of the experimental detectors; the
right column displays �Ex�2 and �Ey�2 without averaging, at
the laser turn-on. The upper row of Figs. 1–3 corresponds to
a fast ramp, the middle row to an intermediate ramp, and the
bottom row to a slow ramp.

In all cases there is hysteresis as the PS for increasing
current occurs at �=�1, and for decreasing current at �
=�2��1. It can be observed that �1 and �2 depend on the
sweep rate: �1 ��2� increases �decreases� for fast ramps. The
shape of the PS is also modified by the sweep rate: the PS is
gradual for fast ramps, while is abrupt for slow ramps. A
close inspection of the intensities at the laser turn-on reveals
that for fast and intermediate current ramps there is a delay

in the turn-on which indicates that the laser did not reach the
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steady state before the current changes; however, in the case
of a slow ramp there is no delay: the turn-on occurs at �
=1 indicating that the dynamics corresponds to the static
case where the laser reaches the steady state before the cur-
rent changes appreciably. To support this conclusion we have
verified that for slow current ramps the values of �1 and �2

agree with those predicted from the linear stability analysis.
In the laser turn-on there is a power-law relationship

between the delay in the turn-on and the current sweep
rate.10,11 To check whether a similar relationship exists in the
case of the PS, we did simulations for different 	T, keeping
	�=� f −�i= �Jf −Ji� /Jth fixed. Since the PS is a stochastic
process, �1 and �2 vary with the noise realization. Thus, to
study the statistical dependence of �1 and �2 with 	T, for
each 	T we did several simulations, changing only the noise

FIG. 1. �Color online� Polarization-resolved L-I curve for �a=−0.5 and �p

=0.2 GHz. ��a� and �b�� 	T=102 ns; ��c� and �d�� 	T=103 ns; ��e� and �f��
	T=104 ns. The triangles and circles �red online� represent �Ex�2 and �Ey�2
for increasing pump. The thin lines represent �Ex�2 and �Ey�2 �red online� for
decreasing pump. The left column shows �Ex�2 and �Ey�2 averaged in a time
window of 1 ns; the right column shows �Ex�2 and �Ey�2 without averaging at
��1.

FIG. 2. �Color online� L-I curve for �a=−0.2 and �p=5 GHz. ��a� and �b��
2 3 4
	T=10 ns; ��c� and �d�� 	T=10 ns; ��e� and �f�� 	T=10 ns.
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seed. We have also observed that �1 and �2 vary with the
noise strength, �sp, in agreement with the observation of
Ref. 6.

The results are displayed in Figs. 4�a� and 4�b�, where
we plot �1 and �2 vs 	T. We observe that �1 ��2� decreases
�increases� with 	T. Since the pump varies in small steps, we
assume a linear approximation: ��t�=�i+bt for increasing
pump ���t�=� f −bt for decreasing pump� where b=	� /	T.
Then, the PS occurs at time t1

*= ��1−�i� /b for increasing

FIG. 3. �Color online� L-I curve for �a=0.5 and �p=50 GHz. ��a� and �b��
	T=102 ns; ��c� and �d�� 	T=103 ns; ��e� and �f�� 	T=104 ns.

FIG. 4. �Color online� �1 �a� and �2 �b� vs 	T in a log-linear plot. �c�
��1−�i�	T �which is proportional to t1

*� vs 1/	T �which is proportional to
the slope of the current ramp�. �d� �� f −�2�	T �which is proportional to t2

*�
vs 1/	T. ��e� and �f�� Log-log plot of �c� and �d�. We present results for the
parameters of Fig. 1 �circles�, Fig. 2 �squares�, and Fig. 3 �triangles� and

several noise realizations.
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pump and at t2
*= �� f −�2� /b for decreasing pump. In Figs.

4�c� and 4�d� we plot ��1−�i�	T
 t1
* and �� f −�2�	T
 t2

* vs
�	T�−1. It can be observed that t1

* and t2
* diverge for slow

sweep rates, a phenomenon that reveals “critical slowing
down.”11 Figures 4�e� and 4�f� display a log-log plot, which
shows that a scaling law exists relating t1

* and t2
* with the

slope of the ramp signal.
We have found similar results for other values of the

parameters �a, �p, and �s. Moreover, we have found similar
results in simulations of a model for index-guided VCSELs
that includes spatial transverse effects. In that model the lin-
ear polarizations have different transverse confinements and
the carrier equations include diffusion terms that open the
opportunity of studying spatial-hole burning effects �the re-
sults of the interplay of polarization and spatial effects will
be reported elsewhere�; however, it has the disadvantage of
requiring long simulation times and is not suitable for ex-
ploring the power-law relationship displayed in Fig. 4.

To summarize, we have shown that the PS of VCSELs is
sensitive to the slope of the signal used to scan the injection
current. Fast scans lead to an enlargement of the hysteresis
region, compared to the case of a quasistatic, slow current
scan. We also found a scaling law relating the bifurcation
delay with the current sweep rate. Our results are relevant for
polarization-sensitive applications where VCSELs are sub-
ject to current modulation.
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