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Experimental study of polarization switching of
vertical-cavity surface-emitting lasers as a
dynamical bifurcation
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We study the role of the bias current sweep rate in measurements of polarization switching (PS) of vertical-
cavity surface-emitting lasers (VCSELs). We show that the polarization-resolved L—I (light—intensity) curve
depends on the current sweep rate. As the current sweep rate increases, the PS occurs at higher bias cur-
rents for upward scans and at lower bias currents for downward scans. We also show that the delay of the
dynamical bifurcation follows a power law relationship with the frequency of the ramp, in good agreement
with recent theoretical predictions. © 2006 Optical Society of America
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Vertical-cavity surface-emitting lasers (VCSELs)
have many advantages compared with conventional,
edge-emitting semiconductor lasers. They have
single-longitudinal-mode emission with a circular
output profile and very low threshold currents and
can be integrated into large 2D arrays. However, be-
cause of their circular transverse geometry the orien-
tation of the polarization of the emitted light is not
fixed by geometrical constraints (as it is in edge-
emitting lasers). Because of residual anisotropies
(that break the circular transverse symmetry) the
output of a VCSEL is linearly polarized along one of
two orthogonal directions. When a VCSEL begins to
lase, one linear polarization dominates, and when the
bias current is increased in many devices it is ob-
served that the emission switches to the orthogonal
linear polarization. Such polarization switching (PS)
is detrimental for the use of VCSELSs in polarization-
sensitive applications and has received a lot of
attention.’™

The PS is an example of a dynamical bifurcation in
which a control parameter u is time dependent and a
change of u (in the PS case, a change of the bias cur-
rent) is accompanied by a transition from one state to
another (in the PS case, a change in the polarization
of the emitted light). The static bifurcation point is
such that for a time-independent parameter one state
is stable if u<u,. and another state is stable if w
> u.. When the control parameter wu is time depen-
dent, varying continuously in time from wu;<u, to uy
> u, the bifurcation is shifted from the static point
e, and the dynamic bifurcation occurs at u' > u..?

In optics a well-known example of a dynamic bifur-
cation is the laser turn-on, which corresponds to a
sweep across a bifurcation representing the transi-
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tion from the off to the on state. A recent experimen-
tal study of a semiconductor laser turn-on and
turn-off'’ showed that when a very low-frequency tri-
angular signal (of a few hertz) is used to scan the bias
current (upward and downward) the turn-on and the
turn-off of the laser are continuous, taking place at a
value that defines the threshold, J=¢,. This corre-
sponds to a quasi-static situation in which the laser
reaches the steady state before the bias current
changes appreciably. However, when a higher-
frequency triangular signal (of several kilohertz) was
used to scan the bias current, it was observed that
the laser turns on suddenly at J >¢J,;, and as the
current decreased, the intensity decreased continu-
ously, remaining proportional to the bias current un-
til the turn-off at J=J, (thus, hysteresis was ob-
served for Jy, <J<J"). The delay in the laser turn-
on, defined as the difference between the time when
bias current reaches the static threshold [¢ such that
J(t)=Jth], and the time at which the laser actually
turns on (t">¢ when the laser intensity is suddenly
amplified above the spontaneous emission level), was
observed to follow a scaling law with the bias current
sweep rate.

A recent theoretical study™ of PS as a dynamical
bifurcation predicts similar effects: a variation of the
PS point with the bias current sweep rate and a
power-law relationship between the delay of the bi-
furcation and the sweeping rate. Our aim in this Let-
ter is to experimentally investigate the PS as a dy-
namical bifurcation. We show that the polarization-
resolved L—I (light—intensity) curve depends on the
speed of the ramp used to vary the bias current. As
the sweep rate increases, the PS occurs at higher bias
current for upward scans and at lower bias current
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for downward scans, in good agreement with the
predictions.11 In addition, we show that there is a
power-law relationship between the delay of the bi-
furcation and the current sweep rate.

The experimental setup is shown in Fig. 1. A com-
mercial single-longitudinal-mode VCSEL was driven
by an ultralow-noise current source and was tem-
perature controlled to within 0.01 K. The laser out-
put was collimated by using an antireflection-coated
laser diode objective lens. The half-wave plate (HWP)
and polarization beam splitter (PBS) were used to di-
rect the orthogonal polarization components of the
VCSEL to detectors D1 and D2. Two optical isolators
(ISO1 and ISO2) with greater than —40 dB isolation
were used to prevent light feedback from the detec-
tors into the VCSEL. The outputs from the detectors
were stored in a 1 GHz bandwidth digital oscilloscope
(OSC). The current supplied to the laser was con-
trolled by a signal generator, and a triangular modu-
lation signal (of amplitude 0.45 mA peak to peak)
was added to the VCSEL through the current source.
The voltage on the laser changed from J,.;,
=1.55mV to J,.,x=2.0mV. The frequency of the
modulating signal, f, was varied to study the influ-
ence of the speed of the current ramp.

At threshold the output of the laser is linearly po-
larized in one direction, defined as the X polarization.
When the bias current is increased above a certain
value, it is observed that the polarization switches to
the orthogonal polarization (defined as the Y polar-
ization). The PS point depends on the speed of the
bias current ramp, as shown in Figs. 2 and 3. Figures
2(a) and 2(b) display results for a slow ramp, while
Figs. 3(a) and 3(b) display results for a fast ramp (f
=60 Hz and /=20 KHz, respectively). Figures 2(a)
and 3(a) display the time evolution of the X and Y po-
larizations during one cycle of the modulating signal,
while Figs. 2(b) and 3(b) display the polarization-
resolved L—I curve for several cycles of the modulat-
ing signal. The PS point for increasing (decreasing)
bias current is defined as when the intensity of the
suppressed Y(X) polarization suddenly grows from
the spontaneous emission level. Because PS is a sto-
chastic process driven by szpontaneous emission noise
(as it is the laser turn-on'®), the switching events oc-
cur at slightly different times, and thus there is a dis-
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Fig. 1. Schematic diagram of experimental arrangement.

HWP, half-wave plate; PBS, polarization beam splitter;
ISO1, ISO2, optical isolators; D1, D2, photodetectors; M,
mirror; OSC, oscilloscope.
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Fig. 2. (a) Time evolution of the X polarization (thick gray
curve) and of the Y polarization (thin black curve) during
one cycle of the modulating signal of /=60 Hz (shown with
a dotted curve, shifted vertically by 1.5 mA for clarity). (b)
Polarization-resolved L-I curve (several cycles of the
modulating signal are shown). The PS point for increasing
current, for decreasing current, and the turn-on for increas-
ing current are indicated by circles, diamonds, and tri-
angles, respectively.
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Fig. 3. (a) Time evolution of the X polarization (thick gray
curve) and of the Y polarization (thin black curve) during
one cycle of the modulating signal of f=20 kHz (shown with
a dotted curve, shifted vertically by 1.5 mA for clarity). (b)
Polarization-resolved L—I curve (several cycles of the
modulating signal are shown). The PS point for increasing
current, for decreasing current, and the turn-on for increas-
ing current are indicated by circles, diamonds, and tri-
angles, respectively.

persion of the circles (diamonds) that indicate the PS
point for increasing (decreasing) bias current.

For a slow current ramp no hysteresis is observed
[Fig. 2(b)]. The laser turns on and turns off, for up-
ward and downward current scans, at the same value
of the bias current (J,,=1.8 mA), and the PS (which
is accompanied by polarization anticorrelated oscilla-
tions), occurs at about the same value of the bias cur-
rent (Jpg~ 1.85 mA) for both upward and downward
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current scans. In contrast, for a fast current ramp a
clear hysteresis cycle is observed [Fig. 3(b)]. Both the
laser threshold and the PS point occur at different
bias currents for upward and downward current
scans. No oscillations accompany the PS, as there is a
monotonic increase of the Y polarization accompa-
nied by a monotonic decrease of the X polarization
(this is probably due to a slow response of the photo-
detector). Also, in Fig. 3(b) it is seen that the X- and
Y-polarization time traces for increasing and de-
creasing bias currents do not superpose. This is due
to the fast sweep rate of the current that prevents the
laser from being at equilibrium: the laser retains a
memory, and the intensity is slightly lower when the
current is being increased than when the current is
being decreased (a similar effect is observed on stud-
ies of the laser turn-on and turn-off'®).

A plot of the bias current for which the PS occurs
for 1ncreasmg injection, o/} 1, and for decreasing injec-
tion, Jz, versus the frequency of the ramp, Figs. 4(a)
and 4(b), reveals that J; (J,) increases (decreases)
with f Hence, fast ramps enlarge the hysteresis re-
gion, in good agreement with recent theoretlcal pre-
dictions based on the spin-flip model.!! The theory
also predicts a power-law relationship between the
delay on the bifurcation and the slope of the bias cur-
rent ramp. To test whether a similar relation exists
in the experiment, we plot on a log—log scale the time
at which the PS takes place (¢}, measured from the
minimum of the ramp for upward scans, and ¢, from
the maximum of the ramp for downward scans) ver-
sus the frequency of the ramp. Figures 3(c) and 3(d)
clearly reveal a scaling law of the type log(t1 9)
=a log(f)+b, with a=-0.95, 5=-1.85 for tl and
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Fig. 4. Log-linear plot of the PS point for (a) increasing
and (b) decreasing bias current versus the frequency of the
ramp. Log—log plot of PS time for (¢) increasing and (d) de-
creasing bias current versus the frequency of the ramp.
The dashed lines indicate the linear fit log(t;’g)za log()
+b.

a=-0.95, b=-1.89 for t,. These observatlons are also
in good agreement with the predlctlons Moreover,
using the model from Refs. 2 and 11, we have per-
formed simulations with parameters corresponding
to the experimental situation and found power-law
relations with similar coefficients. In current work
simulations also show that ¢ and b vary with the de-
tails of the current ramp, and a comparison between
theory and experiments is ongoing.

Concluding, we have studied experimentally the
polarization switching of VCSELs from the point of
view of a dynamical bifurcation, i.e., a bifurcation
that takes place when a control parameter changes
continuously in time. The dynamical bifurcation
point is shifted with respect to the static point, and
the delay in the bifurcation follows a power-law rela-
tionship with the frequency of the ramp. Our results
demonstrate the important role of the bias current
sweep rate on measurements and control of polariza-
tion switching of VCSELs.
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