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We show that a 40-um-diameter vertical-cavity surface-emitting laser (VCSEL) is capable of supporting
spatially localized structures with linear polarization, orthogonal to the principal polarization. The VCSEL is
biased above the lasing threshold and emits a well-defined linear polarization (principal polarization). A
holding beam with orthogonal polarization is injected into the cavity, and a localized structure is spontaneously
switched on. The orthogonally polarized localized structure is shown to be bistable when the injection current
is varied. Numerical results based on a rate equation model support the experimental findings.
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Broad-area vertical-cavity surface-emitting lasers (VC-
SELs) have recently been a subject of considerable interest
due to their potential for applications to all-optical informa-
tion processing [1,2]. Thanks to the large Fresnel number of
broad-area VCSELs, cavity solitons have been experimen-
tally demonstrated in these devices [3].

Cavity solitons (CSs) are localized spots of light in the
transverse plane of a broad-area beam transmitted through a
nonlinear cavity, which is driven by a homogeneous holding
beam (HB). They can be generated spontaneously or by in-
jection into the cavity of a writing or erasing laser pulse
[3,4]. So far CSs have been created in broad-area VCSELSs
(typically with a diameter of 150—200 wm) in order to guar-
antee independence of the transverse boundaries. These
boundary conditions are due not only to the geometrical
shape of the device but also to current crowding, i.e., a piling
up of injected carriers close to the perimeter of the oxide
aperture. For small bias currents, the emission occurs only
around the boundaries of the device with a “ring” or “flower”
mode profile, clearly reflecting the boundary determined na-
ture of the emission [5]. As the bias current is increased, the
laser emission fills in progressively the whole transverse
plane; however, no transition from bound to spontaneous pat-
terns takes place [5,6]. Such a “bounded” laser emission in a
single high-order mode or a combination of several such
modes prevents the existence of localized structures. How-
ever, it actually brings to life, as we will demonstrate in the
following, spontaneous patterns and localized structures in
the nonlasing, orthogonal linear polarization.

Indeed, VCSELs exhibit peculiar polarization behavior.
Small-area devices emit linearly polarized (LP) light when
operating in the fundamental mode; however, the polariza-
tion may switch between two orthogonal directions as cur-
rent or temperature is changed [7,8]. Such polarization
switching has been extensively studied also for the cases of
optical feedback [9,10] and optical injection [11,12] in small-
area VCSELs. In contrast, polarization dynamics in broad-
area VCSELs are not yet that well investigated and under-
stood, although some recent studies on polarized patterns
have been carried out. It has been demonstrated that, as in
small-area VCSELs, one linear polarization can be predomi-
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nant (“principal” polarization) close to the lasing threshold
while its orthogonal polarization is strongly suppressed
[13,14].

In this paper, we experimentally demonstrate the possibil-
ity of creating a pattern and a bistable localized structure in
the orthogonal polarization without influencing the principal
one. With this aim we apply the orthogonal holding beam,
i.e., the polarization of the holding beam is linearly polarized
but orthogonal to the principal polarization of the VCSEL.
Furthermore, we show that by using this method one can
substantially reduce the impact of the current crowding.

Our experimental setup is schematically shown in Fig. 1.
We use a commercial GaAs quantum well VCSEL emitting
around 850 nm with a circular oxide aperture with a diam-
eter of 40 um. The master laser, which provides the holding
beam, is an external-grating semiconductor laser (TEC 100
of Sacher Lasertechnik) that can be tuned in the range of
845—855 nm. The holding beam is spatially filtered and pre-
pared by an optical system (SF) to obtain a collimated beam
with a waist of 60 wm. Its intensity can be considered almost
constant across the cross section of the VCSEL. The master
laser is isolated from the VCSEL by an optical isolator (OFR
10-5-TiS2-HP). The orientation of the LP holding beam can
be turned by a half-wave plate. The power of the injection
beam entering the VCSEL through the collimator is 8 mW.
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FIG. 1.
L, lens; OI, optical isolator; P, polarizer; I,T-current (I) driver and
temperature (T) controller; SM, semitransparent mirror; SF, spatial
filter; OSA, optical spectrum analyzer.

Experimental setup. BS, beamsplitter; M, mirror;
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FIG. 2. (Color online) Near field of the total intensity of the
solitary VCSEL for different bias currents (a) 11, (b) 12.4, (¢c) 12.7,
and (d) 60 mA.

The output of the VCSEL is monitored either by a charge-
coupled device (CCD) camera (Hitachi KP-D50), on which
we form an image of the near field or by an optical spectrum
analyzer (Ando 6317B) with a resolution of 0.02 nm. A pho-
todiode (Hamamatsu C5331-02) monitors the emission from
a portion of the VCSEL transverse plane in order to detect
temporal dynamics. The output of this detector is sent to an
oscilloscope with a 4 GHz analog bandwidth (Tektronix
CSA 7404).

We first study the near-field pattern of the solitary VCSEL
for different bias currents (Fig. 2). Due to the current crowd-
ing, the laser emission at threshold starts only at the VCSEL
periphery with a flower mode profile [Fig. 2(b)]. With in-
creasing bias current, the emission still occurs close to the
oxide aperture boundary [Fig. 2(c)] but then it starts filling in
all the internal area of the VCSEL aperture, and finally the
whole transverse plane is lasing [Fig. 2(d)].

In order to check if the VCSEL is emitting linear polar-
ization in these high-order transverse modes, we measure the
light vs current (LI) curves for the principal and the orthogo-
nal polarizations (Fig. 3). As can be seen from this figure,
there is a distinct region above the lasing threshold where the
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FIG. 3. LI curve for the principal and orthogonal polarizations
of the total intensity of the VCSEL.
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FIG. 4. (Color online) Evolution of the optical spectrum with
the injection current for the principal (a) and orthogonal (b)
polarization.

VCSEL emission is linearly polarized: the VCSEL starts las-
ing in the principal polarization at /=12 mA, while the
threshold of the orthogonal polarization is /=~ 16 mA.

The evolution of the optical spectrum for the principal
and orthogonal polarizations with the injection current is pre-
sented in Figs. 4(a) and 4(b), respectively. As can be seen
from this figure, the region of currents for which the VCSEL
emits well-defined principal linear polarization coincides
with the region of single-wavelength emission, revealing that
the flower mode in Figs. 2(b) and 2(c) is actually the only
single high-order mode lasing in this current region.

In such a way, if we compare Figs. 2 and 3, we can con-
clude that the flower mode present in Fig. 2(b) is linearly
polarized along the principal direction. This conclusion is
further confirmed by Fig. 5, where we show the near-field
patterns for principal (x) polarization and orthogonal (y) po-
larization without (left column) and with (right column) in-
jection of a holding beam with orthogonal (y) polarization.
As can be seen from this figure (bottom, left), without a
holding beam the flower mode is not present in the near field
of the orthogonal polarization, i.e., it is not lasing.

We now make use of the region of injection currents for
which the VCSEL is well linearly polarized and introduce a
holding beam with orthogonal polarization. Quite interest-
ingly, we obtain a well-pronounced pattern in the orthogonal
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FIG. 5. (Color online) Near field of the VCSEL for principal x
and orthogonal y polarizations without (left column) and with (right
column) injection of a holding beam with orthogonal polarization.
With a holding beam, a pattern in the orthogonal polarization is
created in the whole VCSEL area.

polarization near field of the laser [Fig. 5 (bottom, right)]
while the VCSEL keeps lasing in the same flower mode for
the principal polarization (top, right). The bias current is set
to I=14 mA and the wavelength and the power of the hold-
ing beam are, respectively, 849.51 nm and 8 mW in front of
the collimator of the VCSEL.

By changing the wavelength of the holding beam to
851.118 nm and the injection current to /=16.3 mA, we are
able to create a localized structure in the center of the device
[Fig. 6(a)]. This orthogonal polarized localized structure is
bistable. Figure 7(a) presents the intensity of a portion of the
VCSEL emission beam from the center of the device as a
function of the bias current. As can be seen from this figure,
the orthogonal polarization localized structure is switched on
and off at different currents defining a hysteresis region. Fig-
ures 7(b) and 7(c) show the near field of orthogonal polar-
ization at the upper and the lower branch of the hysteresis
curve, respectively. We have to stress that it is not possible to
obtain such a bistable localized structure in our VCSEL
when a holding beam with the principal polarization is in-
jected [see Fig. 6(b)].

In order to support theoretically our experimental find-
ings, we extend the rate equation VCSEL model of [15] for

FIG. 6. (Color online) Near field of the VCSEL in orthogonal
polarization for two orientations of the linear polarization of the
holding beam: (a) orthogonal and (b) principal. In (a) a localized
structure in the orthogonal polarization appears in the center of the
laser.
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FIG. 7. (Color online) Polarization bistability of the localized
structure when the VCSEL injection current is swept forward and
backward.

the case of two orthogonal linear polarizations, which are
coupled through the carrier density equation. Our model
reads

dE, , .
dt =_(1+77x+]0x)Ex+2Cx(l_]ax)(N_1)
XE, +E,+jV*E,, (1)
e (1+ 7, +jO)E, +2C(1 - ja,)(N-1)
XE,+E,+jViE,, (2)
dN 2 2 2
E:-y(N—I+(N—1)|EX| +(N-1I|E,[*-dViN).

A3)
Here E, and E, are the normalized electric fields E,

=\f‘deonx’ycrrgx,y/ (hwy)F,, [15], where F,, are the slowly
varying mean field x and y LP components of the electric
fields; n, , are the cavity refractive indices of the x and y LP
fields; g, are the differential gains; «, are the linewidth
enhancement factors; and 7, is the nonradiative carrier re-
combination time. 77”—2a,x yL/T with «;, , the linear ab-
sorption coefficients in the regions 0ut51de the active layer, L
the cavity length, and T, the VCSEL mirror transmissivi-
ties. 6, ,=(w, ,—wy)/ Kk, are the cavity detuning parameters,
with w, , the cavity frequencies of the LP fields, w, the fre-
quency of the external field with slowly varying amplitude
E,; or E;, and k., the inverse of the photon lifetimes. C,,

= gx sLalNo/ (2T, ) W1th L, the length of the gain material, NO
the carrier densny at transparency, and g, , the differential
gain coefficients. In the rate equation (3) the carrier density
N and current / are normalized to the transparency carrier
density N, and current /;; y=(x7,)"" is the nondimensional
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decay rate; d=13, with [,=\D7, the diffusion length and D
the diffusion coefficient.

In our model, time is scaled to the photon lifetime (typi-
cally, a few picoseconds), while the typical time scale for
carrier nonradiative recombination in semiconductors is on
the order of 1 ns, in such a way that y=0.01 (we take 7y
=0.1 during simulations to avoid the long transients). The
spatial variables are scaled to the diffraction length va,
which in these devices is typically on the order of 4.5 um
[15]. As we expect the experimentally observed behavior to
be generic, i.e., not critically dependent on the particular VC-
SEL, we take the same parameters as in [15]: C,=C,=0.45,
v=0.1, d=0.052. However, we consider here ax=dy=3 as
typical for VCSELs and different losses 7,=0 and 7,=0.3
for the two orthogonal linear polarizations. The detunings for
the injected light polarizations are taken to be the same for x
and y HBs and are 6,=-0.5 and 6,=-a(1+7,) for the x HB
and 6,=-a(1+7,) and 6,=-0.5 for the y HB, respectively.
Furthermore, to account for the fact that the VCSEL is of
medium size and experiences a strong current crowding, we
take a truncated Gaussian-ring profile for the current injec-
tion, i.e., I(r)=0 for r>r, and I(r)=1, exp[—(r—r.)?/d?] for
r<r, with r,=8, r.=7, and d4,=8.

We integrate numerically the dynamical equations using a
split-step method with periodic boundary conditions. In Fig.
8 we show the time-averaged light distributions in the prin-
cipal x polarization [Figs. 8(a) and 8(c)] and in the orthogo-
nal y polarization [Figs. 8(b) and 8(d)] when the holding
beam is linearly polarized along the principal polarization
[Figs. 8(a) and 8(b)] or along the orthogonal polarization
[Figs. 8(c) and 8(d)]. The strength of the holding beam is
E,;=0.4 and the current is [,=2.6. As can be seen from this
figure, we observe qualitatively the same physical picture as
in the experiment: a lasing flower mode in the principal x
polarization for both x and y polarizations of the holding
beam and the appearance in the center of the laser of a lo-
calized structure in the orthogonal y polarization when a LP
holding beam is applied with the same y polarization. This
localized structure is quite robust, e.g., it appears for 7, in
the range 0.1-0.3 and also when the detunings of the two LP
states are slightly different. Numerical simulations based on
a more refined model describing the material polarization
dynamics as in Ref. [16], with the inclusion of light polar-
ization, are on the way and will be the subject of a future
presentation.
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FIG. 8. (Color online) Numerical evidence of localized structure
in orthogonal polarization in a medium-size VCSEL. (a), (b) hold-
ing beam with a principal x polarization: (a) flower mode in the
principal x polarization; (b) no light in the orthogonal y polariza-
tion. (c), (d) holding beam with an orthogonal y polarization: (c)
flower mode in the principal x polarization; (d) localized structure
in the center of the VCSEL for the orthogonal y polarization.

In conclusion, we have provided experimental evidence
that medium-size-area VCSELs are capable of supporting
spatially localized structures if one makes use of the polar-
ization properties of VCSELs. Such a localized structure
with orthogonal polarization has been experimentally dem-
onstrated for a 40 um GaAs VCSEL biased above the lasing
threshold for the principal polarization by injecting a holding
beam with orthogonal polarization. Furthermore, the or-
thogonal polarization localized structure is experimentally
shown to be bistable with the injection current. A rate equa-
tion model that considers two orthogonal linear polarizations
coupled through the carrier density supports the experimental
findings when the strong current crowding in the laser is
taken into account.
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