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We study experimentally and numerically the influence of orthogonal optical feedback on the polarization-
resolved light versus bias current characteristic (L–I curve) of vertical-cavity surface-emitting lasers (VC-
SELs). The feedback scheme is such that only one linear polarization is selected to be fed back into the laser
while the orthogonal polarization is completely suppressed before the output is rotated 90° and reinjected into
the laser. We experimentally demonstrate that weak feedback levels modify the polarization switching point
only slightly, but as the feedback increases the otherwise depressed mode grows and the hysteresis is sup-
pressed. While polarization-preserved and X-orthogonal feedback have similar effects (X indicates the direc-
tion of the polarization selected at threshold), Y-orthogonal feedback strongly modifies the shape of the L–I
curve, even suppressing the polarization-switching for strong enough feedback. Numerical simulations of the
spin-flip model show good qualitative agreement with the observations. We also analyze the influence of vari-
ous parameters, such as linear birefringence, dichroism, and the spin-flip relaxation rate. © 2007 Optical So-
ciety of America

OCIS codes: 250.7260, 260.5430.
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. INTRODUCTION
ertical-cavity surface-emitting lasers (VCSELs) have
any advantages compared with conventional edge-

mitting semiconductor lasers. They have single-
ongitudinal-mode emission with a circular output profile,
ery low threshold currents, and can be integrated into
arge 2D arrays. However, because of their circular trans-
erse geometry the orientation of the polarization of the
mitted light is not fixed by geometrical constraints (as it
s in edge-emitting lasers). Due to residual anisotropies
hat break the circular transverse symmetry, the output
f a VCSEL is often linearly polarized along one of two or-
hogonal directions. When a VCSEL begins to lase one
inear polarization dominates (which we refer to as X),
nd when the bias current is increased in many devices it
s observed that the emission switches to the orthogonal
inear polarization (which we refer to as Y). Such polar-
zation switching (PS) is usually accompanied by complex
olarization dynamics in which there is either polariza-
ion coexistence (simultaneous emission in both of the or-
hogonal linear polarizations with different emission fre-
uencies), polarization hopping (noise-induced
ompetition between the two orthogonal linear polariza-
ions with different emission frequencies), or emission of
lliptically polarized light (on both orthogonal linear po-
arizations with the same emission frequency). Polariza-
ion instabilities are detrimental for the use of VCSELs in
olarization-sensitive applications, and a lot of effort has
een devoted to understand the mechanisms that deter-
ine the polarization of the emitted light [1–8]. Methods
0740-3224/07/081987-8/$15.00 © 2
o suppress polarization instabilities, such as the use of
nisotropic post structures [9] or polarization-selective
ptical feedback [10,11], have been experimentally dem-
nstrated. The effects of isotropic optical feedback on po-
arization switching of VCSELs have also been studied in
etail [12–14].
On the other hand, exploiting the polarization degree of

reedom of light can lead to new ways of transmitting se-
ure information [15,16]. Synchronization of chaos was
chieved experimentally [17] in unidirectionally coupled
CSELs, when the polarization of the transmitter is per-
endicular to the polarization of the free-running re-
eiver. The transmitter output and the Y-polarized re-
eiver output showed identity (positive-slope)
ynchronization, while the transmitter output and the X-
olarized receiver output showed inverse (negative-slope)
ynchronization. The possibility of message encoding and
ecoding using this synchronization scheme was also ex-
erimentally demonstrated [18]. Identity and inverse syn-
hronization have also been found in conventional edge-
mitting lasers [19], with a coupling scheme such that the
ransmitter and receiver lasers are subjected to orthogo-
al optical feedback and to orthogonal optical injection,
espectively (the TE mode is reinjected into the TM
ode).
Recent studies of the dynamics of diode lasers with or-

hogonal optical feedback have shown the potential for
ast optical pulse generation [20,21]. It is well known
hat, by placing a quarter-wave-plate (QWP) in the exter-
al cavity, fast polarization self-modulation can be
007 Optical Society of America
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chieved [22–24], which has interesting applications [25].
he orthogonal-feedback scheme differs from the QWP-

eedback scheme because in the case of orthogonal feed-
ack only one polarization (e.g., the X polarization) is se-
ected to be fed back into the laser while the other
olarization is completely suppressed before the output is
otated 90° and reinjected into the laser. Therefore, the
rthogonal-feedback scheme couples the two polarizations
nidirectionally (X→Y or Y→X) while the QWP-feedback
cheme couples them bidirectionally (X→Y and Y→X).
he orthogonal-feedback scheme was recently proposed
heoretically as a novel approach for inducing passive
ode locking without using any saturable absorber [26].

n this approach gain modulation is caused by the delayed
einjection of the polarization-rotated laser output. The
elay time defines resonance tongues that correspond to
ode-locking operation. For VCSELs the analysis pre-

icts stable mode-locked pulses at repetition rates in the
igahertz range with pulse widths of few tens of picosec-
nds.

In this paper we study experimentally and numerically
he influence of orthogonal optical feedback on the
olarization-resolved light versus bias current character-
stic (L–I curve) of VCSELs. We find that weak feedback
evels only slightly modify the PS point, but as the feed-
ack increases the otherwise depressed mode grows and
he hysteresis is suppressed. While polarization-
reserved and X-orthogonal feedback have similar effects,
-orthogonal feedback strongly modifies the shape of the
–I curve, even suppressing the PS for strong enough

eedback (we recall that X indicates the direction of the
olarization selected at threshold). We show that numeri-
al simulations using the spin-flip model [3] are in good
ualitative agreement with the observations.
This paper is organized as follows. Section 2 presents

he experimental measurements of the polarization-
esolved L–I curve under the influence of polarization-
otated feedback. For comparison, we also present mea-
urements of the influence of polarization-preserved
ptical feedback. Section 3 presents results of numerical
imulations based on the spin-flip model, that are in good
ualitative agreement with the experiments. We also ana-
yze the influence of various parameters. Section 4 pre-
ents a summary and the conclusions.

. EXPERIMENTS
he experimental setup is similar to that employed in

21] and is shown in Fig. 1. A commercial single-

ig. 1. Schematic of experimental setup arrangement. BS,
eam splitter; NDF, neutral-density filter; FAR ROT, Faraday ro-
ator; POL, polarizer; M1, M2, mirrors; HWP, half-wave plate;
BS, polarization beam splitter; ISO1, ISO2, optical isolators;
1, D2, photodetectors; OSC, oscilloscope.
ongitudinal-mode and single-transverse-mode VCSEL
as driven by an ultra-low-noise current source and tem-
erature controlled to within 0.01 K. The VCSEL output
as collimated by using an anti-reflection-coated laser di-
de objective lens. The half-wave plate (HWP) and polar-
zation beam splitter (PBS) were used to direct the two or-
hogonal linear polarizations to detectors D1 and D2. Two
ptical isolators (ISO1 and ISO2) with greater than
40 dB isolation were used to prevent light feedback from
he detectors into the VCSEL. The output from the detec-
ors were stored in a 1 GHz bandwidth digital oscilloscope
OSC). The OSC employed a low-pass filter to eliminate
ast noisylike oscillations induced by the feedback. The la-
er threshold current is Jth=2.65 mA. The current sup-
lied to the VCSEL was modulated by a 1 KHz triangular
ignal with a dc value of 3.59 mA and a modulation am-
litude of 6.6 mA. The optical feedback to the VCSEL is
rovided by a Faraday rotator, a polarizer, and a mirror
M1) forming an external cavity of length 64 cm (giving a
elay time of �=4.6 ns). The beam polarization is rotated
5° by the Faraday rotator (which is an optical isolator
ith the input polarizer removed). After emerging from

he rotator, the beam passes through a polarizer and is
hen reflected by M1. After a second pass through the po-
arizer, the beam polarization is then rotated by another
5° by the Faraday rotator, thus providing 90° polariza-
ion rotated feedback. The use of a Faraday rotator pre-
ents multiple cavity round trips of the laser beam. A
eutral-density filter (NDF) controls the feedback
trength.

Figure 2(a) displays the polarization-resolved L–I
urve of the free-running VCSEL. The VCSEL begins to
ase with a polarization direction referred to as X (black
urve). As the bias current increases, an abrupt PS to the
rthogonal direction Y (gray curve) is observed at J /Jth
2.2. When the bias current decreases, hysteresis is ob-

erved and the polarization switches back to the X direc-
ion at J /Jth�2.

Figures 3–5 display the measured L–I characteristic of
he VCSEL under three different feedback conditions.

(i) The Y polarization is suppressed from the laser out-
ut, and the polarization direction of the reinjected light
s rotated by 90°. In this way the X polarization is coupled
nidirectionally to the Y polarization, X→Y. We refer to
his scheme as X-orthogonal feedback. Results are dis-
layed in Fig. 3.
(ii) The X polarization is suppressed from the laser

utput, and the polarization direction of the reinjected

ig. 2. Polarization-resolved L–I curve. (a) First VCSEL. (b)
econd VCSEL. The polarization selected at threshold �x� is in-
icated with a black curve, the orthogonal polarization �y� is in-
icated with a gray curve.
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ight is rotated by 90°. In this way the Y polarization is
oupled unidirectionally to the X polarization, Y→X. We
efer to this scheme as Y-orthogonal feedback. Results are
isplayed in Fig. 4.
(iii) The optical feedback is isotropic and preserves the

olarization of the emitted light (for these measurements
he Faraday rotator and the polarizer, shown in the
ashed-line box of Fig. 1, were removed). Results are dis-
layed in Fig. 5.

For polarization-rotated feedback the feedback ratio is
efined as the ratio of the feedback power (measured just
efore the light returns to the laser diode objective) to the
utput power in the selected polarization; for
olarization-preserved feedback, the feedback ratio is de-
ned as the ratio of the feedback power to the total VC-
EL output power.
eedback. The feedback ratios are −22, −19, −17.6, −15.4, −13.1, −12.2,
It can be observed that for weak feedback levels there
s only a slight modification of the PS points and a reduc-
ion of the bistability region. As the feedback increases
he otherwise depressed mode grows and the hysteresis is
uppressed. X-orthogonal feedback leads to a gradual in-
rease of the intensity of the Y polarization before the PS
oint, but it has almost no effect well above the PS point,
here the X polarization is off and therefore the feedback
as no effect. Y-orthogonal feedback leads to a gradual in-
rease of the intensity of the X polarization after the PS
oint, but it has almost no effect before the PS point, be-
ause the Y polarization is off and therefore there is no
eedback. While polarization-preserved and X-orthogonal
eedback seem to have similar effects, Y-orthogonal feed-
ack strongly modifies the shape of the L–I curve, even
uppressing the PS for strong enough feedback. We think
ig. 3. Polarization-resolved L–I characteristic measured experimentally for the (a) free-running laser, (b)–(j) laser with X-orthogonal
eedback. The polarization selected at threshold �X� is indicated with a black curve, the orthogonal polarization �Y� is indicated with a
ray curve. The feedback ratios are −22, −19, −17.6, −15.4, −13.1, −12.2, −11, −9.9, and −9 dB, respectively.
ig. 4. Polarization-resolved L–I characteristic measured experimentally for the (a) free-running laser, (b)–(j) laser with Y-orthogonal

−11, −9.9, and −9 dB, respectively.
ig. 5. Polarization-resolved L–I characteristic measured experimentally for the (a) free-running laser, (b)–(j) laser with polarization
reserved feedback. The feedback ratios are −21, −18.6, −16.5, −14.3, −12.3, −11.1, −9.9, −8.9, and −7.9 dB, respectively.
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hat this difference is due to the fact that Y-orthogonal
eedback is effective above the PS point, where the laser
utput is stronger and thus, the feedback is stronger.

To investigate the generality of the above-presented re-
ults, we also performed experiments using a second VC-
EL device that, under free-running conditions, exhibits a
omplex polarization-switching dynamics, shown in Fig.
(b). The influence of orthogonal and polarization-
reserved feedback in the L–I curve is displayed in Figs.
–8. It can be observed that the effect of feedback is quali-
atively the same as before (reducing the bistability re-
ion and turning on the otherwise depressed orthogonal
ode), but in this laser the feedback has less impact.
ith X-orthogonal feedback we observe a small increase

f the intensity of the Y-polarization before the PS, while
ith Y-orthogonal feedback we observe a small increase

ig. 6. Influence of X-orthogonal feedback on the second VCSEL
17.6, −15.4, −13.1, −12.2, −11, −9.9, and −9 dB, respectively. Th
he orthogonal polarization �Y� is indicated with a gray curve.

ig. 7. Influence of Y-orthogonal feedback on the second VCSEL
17.6, −15.4, −13.1, −12.2, −11, −9.9, and −9 dB, respectively.

ig. 8. Influence of polarization-preserved feedback on the secon
21, −18.6, −16.5, −14.3, −12.3, −11.1, −9.9, −8.9, and −7.9 dB, r
f the intensity of the X-polarization after the PS. We
peculate that the smaller impact of feedback in this sec-
nd VCSEL is because the internal anisotropies deter-
ining light polarization are stronger and/or the facet re-
ectivies are larger, diminishing the feedback sensitivity.

. THEORY
n this section we present results of simulations of the
pin-flip model [3] that are in good agreement with the
bservations. The rate equations for the linearly polarized
lowly varying complex amplitudes, Ex and Ey; the total
arrier density, N=N++N−; and the carrier difference, n
N+−N− (where N+ and N− are two carrier populations
ith positive and negative spin value) are [3]

. (a) Free-running laser, (b)–(j) the feedback ratios are −22, −19,
ization selected at threshold �X� is indicated with a black curve,

. (a) Free-running laser, (b)–(j) the feedback ratios are −22, −19,

EL device. (a) Free-running laser, (b)–(j) the feedback ratios are
ively.
device
e polar
device
d VCS
espect
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Ėx,y = k�1 + j����N − 1�Ex,y ± jnEy,x� � ��a + j�p�Ex,y

+ ��sp�x,y + �x,yEy,x�t − ��e−i�� + �Ex,y�t − ��e−i��,

�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�

ere k is the field decay rate, �N is the decay rate of the
otal carrier population, �s is the spin-flip rate, and � is
he linewidth enhancement factor. �a and �p are linear
nisotropies representing dichroism and birefringence,
espectively, [3]. �a leads to different gain-to-loss ratios
nd therefore to different thresholds for the two polariza-
ions, with the y polarization having the lower threshold
hen �a is positive. �p leads to a frequency split between

he two polarizations, with the x polarization having the
ower frequency when �p is positive. �sp is the strength of
he spontaneous emission noise and �x,y are independent
aussian white-noise sources with zero mean and unit
ariance. 	=J /Jth where J is the injection current and
th is the threshold current.
The last two terms in Eq. (1) represent the effect of op-

ical feedback. � is the delay time and � is the reference
requency, which is the average between the frequencies
f the two polarizations, �= ��x+�y� /2. The coefficients �x,
y, and � allow to model the above-discussed orthogonal
nd polarization-preserved feedback schemes, if they are
hosen as

(i) x-orthogonal feedback: the y polarization is sup-
ressed and the x polarization is rotated 90° and then is
einjected into the laser �x→y�. The feedback strengths
re �=�x=0, �y�0.
(ii) y-orthogonal feedback: the x polarization is sup-

ressed and the y polarization is rotated 90° and then is
einjected into the laser �y→x�. The feedback strengths
re �=�y=0, �x�0.
(iii) Isotropic, polarization-preserved feedback: �x=�y

0, ��0.

We consider a linear variation of the emission wave-
engths 
x,y with the injected current 	:

ig. 9. Influence of x-orthogonal feedback, for parameters desc
ther parameters as explained in the text. (a) Free-running laser.
o (j) 1.0. The polarization selected at threshold �y� is indicated wi
urve.

x,y = 
x,y,th + AJth�	 − 1�, �4�

here A is a constant coefficient. Equation (4) incorpo-
ates the main effect of joule heating in semiconductor de-
ices: a change in the background refractive index and
ence a shift in the cavity resonances.
In the absence of feedback the solutions of the model

re either two orthogonal linear polarized states (�Ex�2
	−1, �Ey�2=0 and �Ex�2=0, �Ey�2=	−1) or elliptically po-

arized states. Their stability is determined by the net
ain-to-loss ratio, the birefringence, and the saturable
ispersion of the material. For certain parameters the
odel predicts a PS due to a change of stability of the so-

utions for increasing injection current [3].
We solved numerically the model equations with typi-

al VCSEL parameters: k=300 ns−1, �=3, �n=1 ns−1, �sp
10−6 ns−1, �=4.6 ns, and A=0.47 nm/mA. First, we
resent results of simulations for parameters that corre-
pond to the first VCSEL device used in the experiments,
nd show that the model gives a good agreement with the
bservations. In a second step, we discuss different feed-
ack scenarios by studying the influence of various pa-
ameters.

To model the experimental situation, the parameters
a, �p, and �s were adjusted such that (i) the frequency
plit between the two polarizations and (ii) the hysteresis
egion of the free-running laser correspond to those mea-
ured experimentally. In the experiments the PS occurs,
or increasing injection current, from the high-frequency
o the low-frequency polarization (type-I PS [5]), and the
requency split between the two modes is �20 GHz.
herefore, the parameters used for the simulations are
hosen such that �p and �a are positive, and the high-
requency polarization �y� turns on at threshold. For the
arameters �p=70 rad/ns, �a=3.3 ns−1, and �s=30 ns−1

he free-running laser shows a PS for up scans at 	
2.2, and for down scans, at 	�2.
Figures 9–11 display the numerically calculated L–I

urve for these parameters and various feedback condi-
ions: x-orthogonal feedback (Fig. 9), y-orthogonal feed-
ack (Fig. 10), and polarization preserved feedback (Fig.
1). A 2.5 MHz bandwidth low-pass filter was applied to
he time series of the polarization intensities, to simulate
he filter used in the experiments. This filter eliminates
he fast oscillations of the instantaneous intensities that,

the first VCSEL device used in the experiments: �p=70 rad/ns,
�y

2 increases linearly as �y
2=a�m

2 , with �m=70 GHz and a�(a) 0.1
ack curve, the orthogonal polarization �x� is indicated with a gray
ribing
(b)–(j)
th a bl
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or strong enough feedback, seem chaotic and suggest a
omplex polarization dynamics that motivates future
ork.
When comparing the results of the simulations with

he experimental observations, we have to take into ac-
ount that in Figs. 3–5 X indicates the direction of the po-
arization selected at threshold. Therefore, the Y polariza-
ion in the simulations (the polarization with the highest
requency) corresponds to the X polarization in the ex-
eriments and Figs. 9 and 10 should be compared with
igs. 4 and 3, respectively. This comparison shows good
ualitative agreement with the observations.
We have done extensive simulations and found that

his scenario is robust and occurs for other values of �a,
, and � , as long as � �0 and � �� /2�. If � 
0 there

ig. 10. Influence of y-orthogonal feedback. (a) Free-running las
o (j) 1.0. Other parameters are as in Fig. 9.

ig. 11. Influence of polarization-preserved feedback. (a) Free-r
�(a) 0.1 to (j) 1.0. Other parameters are as in Fig. 9.

ig. 12. Influence of x-orthogonal feedback for parameters cor
ther parameters as described in the text. (a) Free-running laser
.1 to (j) 1.0. The polarization selected at threshold �x� is indicat
gray curve.
s p a p s a
s a different type of PS, which is analyzed below, while if
p
�s /2� the free-running laser does not present polar-
zation switching: the y polarization is stable over the en-
ire range of injection current. The influence of orthogonal
eedback is qualitatively the same; however, the specific
alues of the feedback strengths vary: the larger is the
requency split between the two polarizations, the larger
s the feedback strength needed to perturb the orthogonal

ode.
So far we studied the PS that occurs from the high-

requency to the low-frequency polarization (known as
ype-I PS [5]). Next, we investigate type-II PS, which oc-
urs from the low-frequency to the high-frequency polar-
zation. For increasing current this PS occurs if �a
0
which gives the x polarization a lower threshold) and the

(j) �x
2 increases linearly: �x

2=a�m
2 , with �m=70 GHz and a�(a) 0.1

laser. (b)–(j) �2 increases linearly: �2=a�m
2 with �m=7 GHz and

ding to type-II PS. �p=5 rad/ns, �a=−0.3 ns−1, and �s=50 ns−1;
) �y

2 increases linearly: �y
2=a�m

2 with �m=5 GHz and a�from (a)
a black curve, the orthogonal polarization �y� is indicated with
er. (b)–
unning
respon
. (b)–(j
ed with
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irefringence is low (if �p
�s /2�; for larger �p the x po-
arization is stable over the entire range of injection cur-
ent). Type-II PS, which involves the destabilization of
he polarization with the higher gain to loss ratio in favor
f the weaker polarization, has been understood in terms
f the interplay of birefringence, saturable dispersion,
nd spin-flip processes [3], and it usually involves the ap-
earance of elliptically polarized states. Results are dis-
layed in Figs. 12–14. We observe that, in spite of these
ifferences, the influence of orthogonal feedback is quali-
atively the same as type I. The feedback strengths
eeded to perturb the orthogonal polarization are now

ower because the internal anisotropies (�a and �p) are
eaker.
We also note that in both types of PS, with the

rthogonal-feedback scheme larger feedback levels are re-
uired in order to perturb the laser emission, as compared
ith the isotropic feedback case [notice, e.g., that in Figs.
0(j) and 11(j) the feedback strengths are 70 and 7 ns−1,
espectively]. Due to coherent coupling with the lasing
ode, in the case of isotropic feedback very low feedback

evels are enough to drastically change the laser emission
haracteristics. On the contrary, the orthogonal feedback
s coupled to the depressed mode, which does not lase in
he absence of feedback, and thus, stronger feedback lev-
ls are required in order to overcome the losses and force
his mode to start lasing.

. CONCLUSIONS
ummarizing, we have studied experimentally and nu-
erically the polarization switching of VCSELs in the

ig. 13. Influence of y-orthogonal feedback for parameters corre
arly: �x

2=a�m
2 with �m=5 GHz and a�(a) 0.1 to (j) 1.0. Other pa

ig. 14. Influence of polarization-preserved feedback for param
reases linearly: �2=a�m

2 with �m=3 GHz and a�(a) 0.1 to (j) 1.0
resence of orthogonal optical feedback. We observed ex-
erimentally that weak feedback levels only slightly
odify the PS point, but as the feedback increases the

therwise depressed mode grows and the hysteresis is
uppressed. While polarization-preserved and
-orthogonal feedback have similar effects, Y-orthogonal

eedback strongly modifies the shape of the L–I curve,
ven suppressing the PS for strong enough feedback.
imulations based on the spin-flip model are in good
ualitative agreement with the experimental observa-
ions. We assumed fundamental transverse mode opera-
ion on the two orthogonal polarizations and neglected
ransverse effects such as spatial-hole-burning and car-
ier diffusion. The thermal shift of the gain curve with in-
reasing bias current was also not taken into account.
evertheless, the model includes key features determin-

ng the polarization of the light emitted by VCSELs: bire-
ringence, gain or loss anisotropies, saturable dispersion,
nd an intermediate spin-flip relaxation rate. We have
hown that these features provide a good qualitative un-
erstanding of the impact of orthogonal feedback. Our re-
ults provide experimental and theoretical insight into
he dynamics of VCSELs with polarization-rotated feed-
ack, which have been shown to have promising applica-
ions for high-frequency pulse generation, as well as for
enerating broadband chaotic dynamics suitable to be
mployed in secure optical communications.

In terms of future work, it is known that VCSELs
resent different types of polarization behaviors. While
ome devices do not present polarization switching at all,
.e., exhibit stable polarization emission in the whole
ange of injection currents, others switch more than once;

ing to type-II PS. (a) Free-running laser. (b)–(j) �x
2 increases lin-

rs are as in Fig. 12.

orresponding to type-II PS. (a) Free-running laser. (b)–(j) �2 in-
r parameters are as in Fig. 12.
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nd, specifically, it has been previously found, both theo-
etically and experimentally [12–14,27], that some VC-
ELs, when subjected to isotropic optical feedback, un-
ergo successive polarization switchings for increasing
njection current. This so-called channeled behavior has
een interpreted in terms of two polarizations that com-
ete equally (with very close gain-to-loss ratios). In this
ituation, external optical feedback, depending on the
eedback phase, can benefit one polarization more than
he other one. As the feedback phase changes with the in-
ection current (because the optical frequencies are bias-
urrent dependent due to thermal effects), the feedback
nfluence changes with the injection, leading to multiple
witchings. This situation is expected to occur when
nisotropies (dichroism and birefringence) are weak, and
e speculate that it can also be found, under suitable con-
itions, with orthogonal feedback.
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