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at constant active region temperature
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Polarization switching in gain-guided, vertical-cavity, surface-emitting lasers was studied as a
function of the active region temperature. We show that polarization switching occurs even when
the active region temperature is kept constant during fast pulse low duty cycle operation. This
temperature independent polarization switching phenomenon is explained in terms of a recently
developed model. €1997 American Institute of Physids§0003-695(97)00725-(

The optical and electrical properties of vertical cavity ing we have taken advantage of the relatively slow time scale
surface emitting laser®/CSELS: single-longitudinal mode of thermal effect§.We first performed continuous wavyew)
emission, low-threshold current, low-divergence circular out-experiments using a current ramp duration of a few seconds
put beam, make these devices attractive for applications su¢hat gives the temperature time to stabilize for each value of
as optical-fiber and free-space communications, optical rethe pump current and dissipated power. We also performed
cording, etc. Although VCSELSs often show stable linear po-experiments in which the current ramp used was short as
larization emission with the vector field preferentially ori- compared to the thermal response time so that the tempera-
ented along one of two orthogonal directions associated witkure of the active region stays constant during the current
the crystal axe$,a drawback of many VCSELs is a polar- scan. In this latter case the observed polarization switching
ization instability, known as polarization switchind®S,  cannot be attributed to thermal effects. The nonthermal po-
which occurs as the injection current is increased close bdarization switching is consistent with predictions from the
yond the lasing threshofd A better understanding of the model incorporating magnetic sublevés.
mechanisms which influence the polarization dynamics in  The lasers used in this study are proton-implanted
VCSELs may lead to improved performance for polar-AlGaAs/GaAs multiple quantum well VCSELs with cavity
ization-sensitive applications such as optical switching. mirrors consisting of AlAs/AlGaAs distributed Bragg reflec-

An explanation for polarization switching in VCSELs tors, which had 19 periods for tleedoped top mirror and 29
has been offered by Choquetteal® based on the fact that periods for then-doped bottom mirrof.Measurements were
self heating of the devices by the injected current changes theerformed on a linear array of cylindrically symmetric de-
relative spectral alignment between the laser gain and theices with active region diameter of 1m and top contact
cavity resonances of nondegenerate polarization states. Agindow diameter of 12um, all of them operating around
additional mechanism for polarization state selection arise850 nm. The array was mounted on a thermoelectric cooler
from the difference in the population of the magnetic sublev+to control the substrate temperature. The cw measurements
els of the conduction and heavy-hole valence bands in aere performed using a HP-4145A semiconductor parameter
quantum-well VCSELS. This population difference is anni- analyzer(SPA) to simultaneously monitor the injected cur-
hilated by spin-flip relaxation processes in a time scale ofent, the voltage across the junction, and the optical power in
tens of picosecondswhich is comparable to the photon life- both polarizations. The latter were measured by using two
time and thus slow enough to have an important effect on theroad area photodetectors located after a polarizer beam
dynamics. Within the framework of a theory including mag- splitter. The thermal properties of the VCSELs were studied
netic sublevel§;,” PS is expected as the injection current isby monitoring the dissipated power dependence of the
scanned above the lasing threshold, even when the gain diémission wavelength at different substrate temp-
ference between the linearly polarized modastive region eratures® The active region temperature was obtained from
temperaturgis kept constant. the measured dissipated power and the measured value of

In this letter we report a systematic study of the tempera1.52 °C/mW for the thermal resistance.
ture dependent polarization switching behavior which can be  From the set of 8 VCSELs analyzed, three of them
observed during single mode emission in gain-guidedVCSELS A, B, O showed PS within the range of tempera-
vertical-cavity surface emitting lasers. To discriminate be-tures measuret30 to 50 °Q, while the rest of the devices
tween the effects produced by changes in the pump curremiad stable linear polarization for fundamental mode emis-
(and the associated changes in the nonlinear coupling of thgion. The frequency splittingpirefringencé between the lin-
field and the carrier number through gain and dispeysaml  early polarized modes, measured with a high resolution
those produced by changes in the current-induced self heatonochromator in cw operation for currents closely below
threshold, was in the ranga»=18-20 GHz for devices

dPermanent address: Departament dgicBy Universitat de les llles showing PS, Wh'l_e fqr the rest was unresol\,(eticept for
Balears, E-07071 Palma de Mallorca, Spain. one. In all the switchings we observed that the wavelength
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FIG. 1. (a) Polarized light-current characteristics at 8 °C substrate temperaFIG. 2. Same as Fig. 1 for fast current ramp operation with 3 mA prebias
ture under cw conditiongb) Active region temperature vs. injected current current.
diagram for cw operation. Threshold currents are indicated by rhombs, and

T e o o 7e3P14 21 sponse time to be aboutjs, the duration of the ramps was
chosen to be 100 ns. As the typical times in carrier-field
interaction(relaxation oscillationsare around 1 ns this ramp

of the linearly polarized mode selected at threshold wasluration is slow enough to ensure that the measurements are

lower than that of the dominant mode after the switching. taken in a quasisteady situation while being fast enough to

In the following, we will concentrate on the VCSEL avoid the effect of self-heating. The current source used con-
showing PS in the whole range of temperatures analyzedisted of a dc prebias and a fa&i00 ns, 20 kHg current

(VCSEL A), the other two VCSEL$B and Q had a similar ramp generator connected to the VCSEL through a bias-tee

behavior but in narrower temperature ranges. Figu@® 1 network. The injected current and the voltage across the VC-

shows the light vs. currerit.l) for VCSEL A taken at 8 °C  SEL were measured using a $Dload resistance while the
substrate temperature. PS is abrupt and occurs at 8.5 mA. light power was measured independently for both polariza-
order to characterize the PS behavior under cw operation wions using a fast~1 n9 photodiode. All the signals were
have plotted in Fig. (b) the domains of polarization domi- monitored using a digital oscilloscog@00 Ms, 100 MHz
nance taking into account the temperature rise of the activbandwidth and taking into account the different delays in
region which occurs as the current is increased. The threslhe transmission lines. The fact that the measurements were
old current shows the characteristic dependence with the ataken at constant active region temperature was verified by
tive region temperature unique to VCSELshich is due to  time-resolved spectrum measurements of the VCSEL output
the relative alignment of the cavity resonances with the gaiwhich showed a small blue shift0.5 A) of the wavelength
spectrum in such a way that the minimum threshold currenemission during the pulse duration which can be attributed to
occurs at the temperature where the cavity resonances attge index reduction as the carrier density increases with the
aligned with the gain peak. The map in Figblshows the injected current.

general features already reported in Ref. 3, namely the po- A typical LI measurement obtained for VCSEL A during

larization switches from the mode with shorter wavelengthfast ramp excitation at 8 °C substrate temperature using a

for low currents to the mode with longer wavelength for prebias current of 3 mA is shown in Fig(&2. The data

larger currents. The current at which PS occurs increases ahows polarization switching, providing the first clear ex-
the temperature is decreased. Notice, however that thgerimental evidence for the effect predicted by the theory in
boundary between the dominance regions of the differenRefs. 6 and 7, which is similar to that in Fig(al but here
polarizations is not a horizontal line corresponding to theoccurs around 10 mA. To characterize the temperature de-
temperature at which the cavity resonances exactly match thgendence of the PS behavior under fast current excitation we
material gain, indicating the existence of additional effectsplot in Fig. Ab) the domains of polarization dominance at
that complement the relative spectral position of the cavityifferent active region temperatures. In this figure the active
resonances and material gain in determining the polarizatioregion temperature, given by the substrate temperature and
characteristics of VCSELSs. the self-heating produced by the prebias current, does not
The effects of the temperature on the polarization dy-change during the current ramp. The dependence of the
namics of VCSELs were minimized by performing light and threshold current follows that of Fig.(d), as can be ex-
voltage vs. currenfLIV) measurements using short currentpected since the threshold current depends mainly on the
ramps at low duty cycle. After determining the thermal re-mismatch of the cavity resonances and the gain peak. On the

Appl. Phys. Lett., Vol. 70, No. 25, 23 June 1997 Martin-Regalado et al. 3351
Downloaded-06-Jul-2006-t0-129.82.233.53.=Redistribution-subject-to-AlP-license-or-copyright,~see=http://apl.aip.org/apl/copyright.jsp



other hand, the regions of dominance of each polarization in5 8o
Fig. 2(b) are similar to those obtained in the cw experiments, >
although not the same, providing further evidence of the ac-
tion of a different switching mechanism. Below we provide a
possible explanation for the observed nonthermal PS, base
on a recently proposed theoretical mddehat shows good
agreement with the measurements.

A nonthermal mechanism for polarization state selection
arises from the difference in the population of the magnetic
sublevels of the conduction and heavy-hole valence bands ii
guantum-well VCSELSs. As the natural emission channels are
circularly polarized, the amplitude-phase coupling associatec
with the linewidth enhancement factor results in energy cou-
pling between the linearly polarized modes for non-zero valFIG. 3. Dependence of the switching current normalized to the threshold
ues of the spin-sublevel population difference. Fluctuationgurrent vs the active region temperature. The triangles are the measured

in population difference and the amplitude of the weak modd'2t@- The solid line is the calculated resul.

relax to equilibrium (zerg through damped oscillations intrinsic modal gain/loss anisotropy favoring the shorter
whose frequency is affected by the injected current. Whervavelength mode. We have estimated from the data of Fig. 3
this oscillatory decay comes in resonance with the birefrinthe value of intrinsic gain anisotropy to hg=0.1 cni’l, in

gent splitting of the mode frequencies, the phase relationgood agreement with Ref. 12.

become favorable for energy transfer between the polariza- |n summary, PS at constant active region temperature
tion modes and the damped oscillations become undampeHas been observed. This result indicates that new physical
This makes the dominant mode unstable and the polarizatiomechanisms, unrelated to temperature changes, also cause
switches through a phenomenon known as phase instabilitps in VCSELs. The dependence of the switching current on
at a Hopf Bifurcation. The theoretical model of this mecha-the active layer temperature shows a good agreement with a
nism for PS, described in detail in Ref. 7 is based on &ecently developed model which predicts similar switching
rate equation mod&lwhich takes into account the vector as a consequence of the combined effect ofdtmarameter,
nature of the laser field, saturable dispersion, VCSELVCSEL anisotropies, and spin-flip mixing processes.
anisotropiegbirefringence and dichroisina carrier dynam- The authors thank N. B. Abraham for helpful discussions
ics associated with the different magnetic sublevels of theind comments. We acknowledge financial support from
conduction and heavy hole valence bands in quantum-wett|CYT (Spain Project No. TIC95/0563 and from the Center
VCSELs. The model predicts a linear dependence of théor Optoelectronic Computer Systems through N.S.F. Grant
switching current normalized to threshold with the gain dif- No. EEC-9015128 and Colorado Advanced Technology In-
ference between the linearly polarized modeg)(given by:  stitute Grant No. GEA95-0002.
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