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In this paper, we present a theoretical and experimental analysis of stochastic effects observed in polarization
switching vertical-cavity surface-emitting lasers. We make a thorough comparison between theoretical predic-
tions and experiments, comparing measured quasipotentials and dwell times. The correspondence between our
theoretical model based on stochastic intensity rate equations and the experiments is found to be very good.
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[. INTRODUCTION seconds at higher currents. Also in current driven polariza-
tion modulation stochastic effects play an important role
Vertical-cavity surface-emitting laser6/CSEL9 have [5-9]. The stochastic polarization properties of VCSELs un-
evolved in a very short time from laboratory curiositig3to  der feedback10—12 and optical injectiof13] have drawn a
highly successful optical sources, used in various applicalot of attention too.
tions. This has been possible because VCSELs outclass the In this work, we present ample experimental data ob-
traditional edge-emitting lasers in many different ways and@ined on different kinds of VCSELs, both index and gain
are often a better choice in applications where high emissiofuided. These data are then comp_ared with theoretical results
power is not required. They have an excellent beam profil@2S€d on a two-mode rate equation modet] adapted to
(low divergence, circular shapeare very efficient, have a descrlpe the pqlanzaﬂon behavior qf VCSHUS). Not only :
low lasing thresholdmilliampere range is commagnare in- the 5W|t_ch|ng time[16] and the scal!ng of th_e average resi-
trinsically single-longitudinal mode, etc. Moreover, their dence timeg2-4], but also the residence time distribution

structure allows for the fabrication of two-dimensiofiaD) and quasipotentials are quantitatively compared with theoret-

d for testi hich red thei ical results. Our theory is based on an asymptotic analysis of
arrays and on-wafer testing, which reduces Ineir massgy, nastic intensity rate equations for a two-mode semicon-
production cost significantly.

. i ) ) ductor laser. First, taking advantage of the different time
Since their conception, VCSELSs have been studied extenseajes present in the model, the original set of three equa-

sively. Nevertheless, not all the physical mechanisms takingons is reduced to one single dynamical equation for one of
place inside these devices are completely understood. One gfe intensities. Then the Kramers theory for hopping in a
these remaining problems is their polarization behavior. Deqyo-well potential can be appligd.7]. In order to test all the
spite their cylindrical symmetry, VCSELs most often emit approximations made in the analytical treatment, the analyti-
linearly polarized light along one of two particular crystallo- cal results are compared with numerical simulations obtained
graphic directions[110] and[1-10] when the growth direc- from the original set of equations. The agreement is found to
tion is along[001]. Moreover, in many VCSELs abrupt be very good. In this way, we also validate that analytical
switching from one polarization mod@M) to the other is techniques such as a multiple time scale analysis, often ap-
observed when the injected current is changed. Of particulgslied to simplify deterministic equations, can also be applied
concern in this paper is the polarization mode hopping thato stochastic rate equatioh$8,19.
occurs when a free standing VCSEL is biased close to the Polarization instability is a great nuisance in many appli-
polarization switching current. The VCSEL then switches incations where polarization sensitive components are used. It
a random fashion between the two PMs-4]. The average is therefore not only interesting from a fundamental point of
time between consecutive switches varies over several ordevgew, but also of great practical importance to understand the
of magnitude, from nanoseconds when the polarizatiorphysics of PS in VCSELs. This should ultimately lead to
switching (PS occurs close to lasing threshold to severaltechniques for stabilizing the polarization stf2€]. Alterna-
tively, one could actively control the PS to exploit the extra
degrees of freedom offered by the polarization state of the
*Electronic address: Bob.Nagler@vub.ac.be; URL: http:/light [21].
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cal simulations and verified against ample experimental data,
obtained with both gain- and index-guided VCSELs.

Il. STOCHASTIC RATE EQUATIONS

Our theoretical starting point will be a standard intensity
rate equation model for a two-mode semiconductor laser:
two equations for the optical intensities in each of the PMs
and one for the carrier population inversion. Such rate equa-
tions have been widely used to study the properties of a
two-mode semiconductor lasgt4,15,22—-2% However, in
VCSELs, the situation is peculiar as it was pointed out tha
carrier spin dynamics in the active layer of the semiconduc
tor material could play a rolg26], especially with respect to
the polarization behavior. The spin-flip mod&FM) [26] is
describing the field-matter interaction in terms of a spin-split
two-level model[27-31]. The original SFM consists of four
equations: two for the complex fields and two for the carrier
inversions in each of the spin channels. A considerable effort
has been made to simplify the original SFM equations in
order to obtain more insigh#,32—34. It was proven theo-
retically [4,33,34 that the SFM equations can be reduced to,
standard intensity rate equations for a semiconductor laser,
under the following assumption§) a relatively large spin-
flip rate (>50 ns 1), so that the population difference be-
tween the spin channels can be eliminated &nda rela-
tively large birefringence ¥1 GHz), so that fast beating
oscillations due to the frequency difference between the tw

modes can be averaged. The remnants of the spin differen e
can then be found in nonzero cross-saturation coefficientf;l

between the two PMs. We have no direct experimental evi-
dence of the spin-flip rate from our experiments, but we as-
sume it to be larger than the above-mentioned value. This is
motivated by the fact that we have not observed strong mul-
tiply peaked spectra close to the PS current that are typical of
strong nonlinearities such as spin flip35]. We do have
experimental measurements of the birefringence in our
VCSELs, and, although birefringence through our experi-
ments varies with strain, it is always of the order of 10 GHz.
That is why, to explain our experimental results reported in
Sec. IV, we can safely apply a two-mode intensity rate equa-
tion model with gain saturation. Polarization switching in
this model is obtained by a phenomenological dependence of
the gain-loss difference between the two mog#ishroism)
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All the stochastic differential equations have to be inter-
breted in the Stratonovich sens@6]. The autocorrelation of
the noise is given by36]

(FLOFL(S)=4BspxNpS(t—s), (4)
(FY(OF}(5))=4BspyNp,s(t—s), (5)
(FL(OF}(s))=0. 6)

Here, sy sxxy.yx: Ixys @xy: Tpxy, @nd Bspxy represent

the saturation coefficients, confinement factors, the gain co-
efficients, the photon lifetimes, and the noise strength for
each mode, respectively. In the carrier equatlon,, V are
the injected current, the elementary charge, and the volume
of the active region. As in Ref§15,37, we reduce these
equations, taking advantage of the different time scales

resent in the model and the fact that the PMs in a VCSEL
e nearly degenerate and have nearly equal parameters
5,37:

dpy 1 ~
_:px[n_gsxpx_sxypy]+_Rsp+ Fy, (7)
dt 2
dp, 1 -
dt = py[ n+G(J) - EsyPy— Syxpx] + 2 Rsp+ Fy , (8
dn _ J=py— Py
a_ T_ 77_px[7]_8sxpx_8xypy]
_py[n_esypy_syxpx]_"iin- 9

The timet is reduced with respect to the carrier lifetime

. _ — _3 .
on parameters such as the injected current and/or temperatdfe:» hanosecondisand p=(7,/7;)=10"~. The dynamical

[15,33.

variablesp,, p, are the reduced photon densities, whilés

We propose a rate equation model for photon densities ithe deviation of the carrier density from its clamped value

the thex andy polarization mode®, andP,, and the carrier

density N as in Ref.[15]. The gain is current dependent, —

above threshold. The parametelsegy sy y.yx: and G(J)
p_l(prFyay— Toxl x@x)/ TpxI'x@y are the reduced current,

linear in the carrier inversion and saturates with increasingaturation cg?fﬁcients, and current dependent dichroism,
optical power. In each equation, we add a white-noise term{hile Rsp=p""(27¢/T') (1 + 7p,I"xa,Ny) Bsp,« describes the

'Ei,y,N. The equations read

X

dt’

=[T,a(N=N) (1 - o Py~ 8 Py) — 75,11

+BspxN+Fy, (1)
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mean of the spontaneous emission above threshold. The re-
duced noise terms are defined by

Fry= Tgaxyyif;,y , (10)

F,=T,r2a,F{, (12)

with correlation functions:
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In a next step, we further reduce E¢#—(9), using the same Vel E i

approach as in Ref$15,37. To leading order irp, Eqg. (9) 0.1 //’ ! E

yields a conservation relation, stating that the total photon L o
density equals the reduced current above threshold: 01 02 03 04 o5

pxt+py=J. (15 FIG. 1. Numerical solution of Eq€7)—(9) with a ramping cur-

) o ) ) rent. There is a region of bistability. Parameter val(@srespond-
This equation implies that the fluctuation of the photon dending to the index-guide devices of the experimgrdse = Esy

sities in both modes are anti-correlated, as is indeed experi=4, ¢, =¢,,=8, G(J)=g(1-J/Jy) with g=14, J;=0.4, Ry,
mentally observed?2,3]. Taking the time derivative of Eq. =0.023,p=10"3. The inset is a numerical time trace in the middle
(15) and substituting Eq15) and Eqs(7) and(8), yields an  of the bistable region at=Js=0.4.
expression for the carrier inversion for a constant current:
L mixed mode solution is unstable. This condition is equivalent
2 to supposing that the cross mode gains saturation is larger
n= E{Apy+[(sxy+ Byx— 28503~ Glpyt250°~ Rep than the self-saturation. Such a situation is indeed found in a
o reduction of the SFM mod¢B4,38], and also by considering
—Fy—Fy} (16)  band-scattering effec{89].
The stable steady-state solutions can be seen in the simu-
whereA is defined by lation shown in Fig. 1. We will call the mode which starts
Aot oo 1 lasing at threshold the, mode. This implies thaG(J) is
EsxT Esy™ Exy™ Eyx- 17) positive at threshold and decreases with increasing current.
-~ : . : If the current is modulated across the bistable region, a
dSUbStlt-Utlon of E_qs(.16) and(19) in Eq. (8), yields a single switch is observed between the modes. The deterministic
ynamical equation: N ) . S
switching time can be derived analyticall{5] and is prima-

o = rily determined by the photon lifetime and the relative net
Py=C(py)+F(py). (18 gain difference between the two modes. The magnitude of
with a deterministic drift term gain differences have been measured to be of the order of
102 or less[40]. For this value, we have a switching time
G (10% to 90% of the order of 10 n$15], which matches the
C(py) =Py(I=Py)| = FPyFesc eyt 3 deterministic switching time recorded in modulation experi-
ments[5].
+ E](J—Zp ) (19
2] v Ill. FIRST PASSAGE TIMES AND MODE HOPPING
and a stochastic term In the bistable region where the two pure mode solutions
are stablgsee Fig. 1, random hops can occur due to spon-
_ _ |~:X+|”:y taneous emission noise. Such stochastic transitions between
F(py)=Fy,— 7 Py (200  two stable solutions can be treated as a first passage time

problem over a potential barrig41,36. This has been done
Equation(18) describes the dynamics of the system on thdn the past to explain stochastic switching in other kinds of
time scale of our reductiofii.e., the carrier lifetimpand  lasers[42—49 and other systemg2-4,46. We apply this
slower. Faster dynamics, such as the relaxation oscillation{€chnique to our dynamical equatiel8). This approach will
are no longer present in our one-dimensional reduction. lead to an expression for the so-_called quasipotential, which
The stationary solutions of these equation can be found if&" P& compared with our experimental results.
Refs.[15,37]. We briefly summarize these results here. When DUe to spontaneous emission noise, the intergity Eq.
the spontaneous emission is neglected., Rs,=0), Egs. (18) is a stochastic variablgrom now on, we denotg, as
(18) and(19) clearly show that two kinds of lasing solutions P)- The probability density functio®(p,t) of the intensity
exist: two pure mode solutiong¢=0, p,=J and p,=J, chang_es in time according to the following Fokker-Planck
p,~0) and a mixed mode solutionp{=(esy—exy)J equation[47]:
—G/A,py=[(esx—&y,)I+G]/A). Linear stability analysis 9
shows[15,37] that the stability of the pure mode solutions IP(p.t) —_ i[A(p)P(p t)]+ a_[D(p)p(p t)]
changes around the point wheg¢J)=0. If A<O, the two at ap ’ ap? Y
pure mode solutions coexist in a region of bistability and the (22

013813-3
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where

(F(p,ty),F(p.,to))=2D(p)d(ty—ty), (22)

with the diffusion coefficient given bjusing Eq.(20)]

Rsp
D=-—5"p(J—p). (23

The drift coefficient is given byusing Eq.(19)]

o — (24)

A G| Ry
:p(J_p) - jp+83x_8yx+ j + T(J_Zp)-
(25
The stationary solution of the Fokker-Planck equat®1) is
Ps(p)=Qe V@, (26)

with Q a normalization coefficient and quasipotentiip)
given by

C(p) 1
U(m:‘fmdmglnw(p)] (27
A 1
=2Rspp2+ R_sp[(syx_gsx)J—G]p. (29)

From now on, we will assume that

Exy™ Esy= EyxT Esx™ 0, (29

PHYSICAL REVIEW A 68, 013813 (2003

To hop from one stable mode to the other, the laser has to
cross a potential barridiassociated with the unstable solu-
tion) : the spontaneous emission noise has to “kick” the laser
out of the basin of attraction of one stationary solution into
the other. The time the system resides in one stable mode
before switching to the other is called the residence time or
first passage time. This time is itself a stochastic variable
with an exponential distributiofd1]

1 t
P(t)= Kexp{ — K) . (31

The mean time the system takes to hop between the modes,
tqw. 1S called the dwell time. It can be calculated using the
stationary solution of the Fokker-Planck equatj86,41]:

1 Pmax Pmax 1
taw=2D(Pmax fo Ps(p)dpfo Ps(p)~dp,
(32

wherepax IS the intensity for which the potential attains it
maximum. For the symmetric potenti€30), we havepmax
=J/2, and using Eq(26), (30), and(32), we find[54]

27 [J 1) J o
tdW=J—5erf E R_ erfi 5 R_ . (33)

sp sp

If we use an asymptotic series expansion of the error func-
tions, we get

(34)

This equation is equivalent with EQO) in Ref.[33].

since this is expected due to the symmetric VCSEL structure. Expressiong30) for the quasipotential an(B3) for the
We will limit ourselves to the symmetric case, when there isdwell time are the main theoretical results of this paper, and

no linear dichroism between the two modes., G(J)=0],

can be compared with experimental results, as we will show

and the devices spends an equal amount of time in eadhater. First, we will proceed with the numerical verification of

mode. The potential then has the elegant form

B
U(p>=R—Spp(J—p)- (30

Note that this potential is only valid for<©@p<J. This is
implied by Eg. (15), and due to the multiple time-scale

analysis.

Equation(26) is known as the potential solution. Quasi-

our theoretical results.

B. Numerical verification of the reductions

To verify the validity of the one-dimensional reduction,
and the subsequent analytical derivation of the dwell time,
we performed numerical simulations. We used-a-€ tem-
plate class framework, which is freely availalps], devel-
oped to address shortcomin@sich as the absence of built-in

potentials for a bias current in the middle of the bistableStochastic integration and low integration speedstandard

region are shown in Sec. Ill B and compared with humerica

jpackagese.g.,MATHEMATICA ). The rate equation systefar

ones. The physical significance of the quasipotential will be-2nY System of ordinary differential equations specified as
come clear when we derive the expression for the dwell timé Particular specialization of a single class.

in the following section.

A. Dwell time

We solved Eqs(7)—(9) numerically with a second-order
stochastic corrector-predictor integratéoften called the
Heun algorithm converging to the Stratonovich solution as
required. At the same time, the reduced 1D equatib®)

We now derive the mean time it takes for the laser to hopvas also integrated to assert the validity of the reduction.
from one mode to the other. The general theory is explaine@he constant current was set in the middle of the bistable
in Ref.[41], so we only summarize the specific results in theregion, where the gain difference is zero. A typical mode-

framework of our model.

hopping trace can be seen in the inset of Fig. 1.

013813-4
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FIG. 2. Comparison between the dwell times of the numerica@Veraged output power. It is well know86] that the prob-
simulations of the three-dimensional modélgs. (7)—(9), black  ability density function(pdf) of such a quantity is different
squarey the one-dimensional modgEq. (18), hollow circled, and ~ from the original pdf, as can be seen in Fig. 3. Indeed, this
the analytical predictiofEq. (33), full line]. Same parameter values Problem often appears in quantum optics when studying the
as in Fig. 3. fluctuations of the electromagnetic field of a laser with a

nonideal detector. Although analytical methods exist to com-

We obtained the dwell times from the traces by taking thepute the pdf of the time-averaged version from the original
average of the residence time over a thousand switchefdf, these do not directly lead to a closed-form solution in
Similar as in the experimental procedure, we have defined @ur case. Therefore, we have compared the experimentally
successful switch to be one where the system has crosségcorded pdf’s of the intensity with numerical ones, incorpo-
80% of the interval between its lasing and nonlasing statefating the first-order time response of the detector into the
This avoids defining a deterministic crossing point. simulations.

This was repeated for different switching current values.

The resulting curve, dwell time as a function of switching IV. EXPERIMENTS

current, is compared in Fig. 2 with the analytical prediction, - .
Eq. (33), for parameter values corresponding to our gain- Wg ha}ve performed an elaborate st_at!stlcal analysis of the
guided VCSELs. The match between the theory and numeIPOIar'Zat'on mod_e-hoppmg characterl_stlcs of both proton-
ics is perfect for the 1D case. The 3D simulations show dmplante_d and air-post VCSELs. Earlier measurements on
slightly smaller (15%) average dwell time, predominantly the devices under te$#9] have shown that the frequency

close to threshold. This difference diminishes with increasings?"i%n%aetwgen thel “.NO poIar;]zat!onl modes is oIhthe order

switching current and is related to the fact that the noise i Z. By applying mechanical stress to tiesEL

not filtered by the reduction. Repeating the procedure fopackage, we can tune th_e polanzat_mn_swﬂchmg current over

parameters corresponding to the index-guided case, we co wide range. For the different switching currents, we have

to the same conclusions. recordgd and analyzed mod_e-hoppnjg time series. We have
We obtained the 1D potential by numerically integrating detgrmmed the average reS|dencg t'@e dwell timg a.nd

Eq. (18) and taking the histogram of the time trace, which weve“f'ed. Its dependence on the switching current against the

compared with the theoretical predictions in Fig. 3. Althoughtheoretlcal prediction. Moreover, we have studied the inten-

they match exactly, it is impossible to compare these potengity histograms. These, as will be explained below, are di-

tials to the experiments, as the presence of a detector with rg_ctly Iinkeq With the quasipot_entials and_will_ be compared
finite bandwidth implies that we are measuring a time-With numerical simulations. This cross validation was, to our

knowledge, never performed before and is a confirmation of
6 . the validity of the model, in general, and the treatment of

{ : polarization mode hopping as a Kramers problem in particu-
lar.

A. The measurements

The scheme of the experimental setup is shown in Fig. 4.
The temperature controller and the laser driver are in-house
made components. The 1-GHz oscilloscofi@croy) has
built-in functions for on-line statistical analysis. We drive the
I 0.05 0.1 0.5 02 VCSEL with a constant current in the middle of the bistable

P region. The light is sent through a 5-cm focal-length lens and

FIG. 3. Comparison between the numerical integration of Eqfocused onto the small detector, an avalanche photodiode
(18) (steps and the analytical predictiof80) (full line). The two  (APD) with a bandwidth of over 1 GHz. A polarizer selects
curves are difficult to distinguish as they overlap well. The effect ofthe polarization state. All the optics are slightly misaligned in
the first-order time response of the detector on the potential i®rder to avoid optical feedback, which is known to induce
shown by the dotted curve. Parameter values &re4.23, J  extra instabilities and affect the dynamical time scales.
=0.22, andR=0.01. Within the resolution of our Fabry-Perot spectrum analyzer

013813-5
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no traces of feedback were present in the spectrum. Also the g (03)
switching conditions and the mode-hopping dynamics were 1.x10 .
stable under small variations of the misalignment angle. 1.x10* /
Moreover the setup was robust against acoustic vibrations. 1.x10°
From this, we conclude that optical feedback was success- 10000
fully eliminated. 100
The oscilloscope records time series and readily calcu-
lates histograms of the intensity and of the time lapses spent 01 02 03 04 05 06 07 o,SJ

in each PM, together with the average length of these lapses. ) ) o
To tune the PS current with respect to the threshold current, FG. 6. Dwell time as a function of the switching current, for the
the VCSEL is mounted in a specially designed holder with@ir-post(dashed lingand the proton-lmplanteﬁsolld line) devices.
which we can induce uniaxial strain in theseL package |1'e measurementaoty are fitted with Eq.(33), the parameter
[20]. By varying the strength and the direction of the strain,values of the fit are in Table I.
we are able to tune the reduced currdnn the range be-
tween 0.15 and 0.8. these devices we observe type-l PS. It was shfz@j that

To allow for comparison with the theory, it is essential polarization switching in the gain-guided devices is primarily
that the symmetry of the two-well potential is maintained.of thermal origin, while the index-guided devices exhibit
For this purpose, the driving current must be fixed exactly imonthermal switcheg53].
the middle of the bistable region. Therefore, we introduced a
locking feedback loop: the averaged output signal of the
APD is compared with an adjustable reference value. The B. The results
error signal is integrated and fed back to the VCSEL with a
loop bandwidth of about 10 Hz. Careful adjustment of the Throughout the measurements, we can limit ourselves to
reference value allows us to lock the VCSEL exactly in theanalyzing the mode-hopping dynamics of one of the polar-

middle of its bistable region. ization states, since the other polarization state shows
We performed our measurements on two different types ofomplementary dynamics.
VCSELs. First, a proton implantedgain guided GaAs/ For different values of the reduced currehtwe have

AlGaAs VCSEL from VIXEL Corporation, operating around recorded an intensity histogram of the polarization mode
850 nm with a threshold of about 7 mA. As it is a commer-hopping as well as a residence time histogram. An example
cial device, we have no positive information about its struc-of the latter is presented in Fig. 5. It was recorded on the
ture. From the literatur¢50], however, we guess that the air-post device. The corresponding average residence time is
device structure contains 3-GaAs quantum wells of 8 nnp 5 ;5. The exponentially decreasing distribution of the resi-
thickness centered in axlcavity with a 29.5 paim-doped  dence times, as predicted by Arrhenius’ law—E&fl)—can
bottom DBR (distributed Bragg reflectorand a 19 pair clearly be seen.

p-doped top DBR. The cavity diameter is;8m. Contrary to In this case, the Kramers time, i.e., the characteristic time
similar VCSELs on which mode-hopping experiments haveyt the exponential function, coincides with the mean resi-
been reportecﬂ4_], our devices shcl)wlpolarlzgtlon SW'.tCh'ng dence time. This property is well verified on the whole range
from lower to higher frequency with increasing curréié., ¢ oy herimental parameters. We can thus identify the mea-
type-Il switching[51]). Second, an air-postindex guided sured mean residence timg, with the Kramers time.

type VCSEL from Avalon Photonicéformer CSEM, oper- We use the logarithm of Ed33) as a fitting function for

ating around 980 nm with a threshold of about 3.3 mA. The,[dW versusJ, a theoretical expression with only two free pa-

device has three 8-nm-thick GalnAs QWs embedded in 10-

; . . rameters, namelyy andRg,.
nm-thick GaAs barriers and has GaAs/AlGaAs mirrors. In" Fig. 6, we report the measured values gf as a func-

tion of J, together with the fitting curves. The fit is excellent

.~ ' ] and the extracted parameters are reported in Table I.
25_\ i At the same time, one can see from E86) that the
_ Y ] inverse of the logarithm of the polarized intensity histograms
2 2 "o, g gives the quasipotentidl (p). Equation(30) shows that in
= °e o . . . . . .
S w5y 1 the symmetric casé.e., in the middle of the bistable region
%OLS_- “e:y , 7 whereG=0), the quasipotential only depends 6andRg,
: a2 . : TABLE I. Fitting parameter values of E¢33) with experimen-
0.5 T - tal data, as shown in Fig. 6.
0- 1 1 1 1 1 ) bom "l
20 a0 60" %0 VCSEL ) Rep
residence time (us)
Proton implanted 8.5 0.022
FIG. 5. Example of a measured exponential distribution of the  Air post 3.4 0.022

residence time of an air-post VCSEL &t 0.4.
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- . y We have presented a thorough experimental and theoreti-
1 cal investigation of the polarization mode hopping in
y VCSELs. The theoretical starting point is a set of intensity
] rate equations for a semiconductor laser with two nearly de-
] generate modes including self- and cross-gain saturation.
] Taking advantage of the different time scales in these equa-
tions, they can be reduced to a single dynamical equation,
which is only valid on time scales slower than the relaxation
oscillations. From this dynamical equation, the intensity sta-
tistics and the quasipotentials can be derived. Analytical ex-
pressions for the scaling of the average residence time with
the PS current can be derived, applying Kramers’ theory for
hopping in a two-well potential. These results are checked by
comparing the analytical expressions with results from the
] numerical simulations. The agreement is found to be very
] good, validating the multiple time-scale analysis and the ap-
plication of Kramers’ theory.
The theoretical results are then compared with ample
FIG. 7. Comparison of experimentally obtained quasipotentialsmeasurements, on two different kinds of VCSHysin and
(dot9 with numerical simulationgfull line). A first-order filter with  jhdex guided, that show different types of switchingrom
a time constant of 0._125 ns is inclu_ded in the simulations to mimichigher to lower frequency and vice veysH different origins
the detector. The switching current increases from top to bot&®m (thermal and nonthermialin both cases, the agreement be-
0510 404 (0 3-.03). The s o and i 1 tycan hgory and experiment s ound 0 e very o, W
' compare probability density function of the intensity, which
is directly linked with the quasipotential, and the average
(besides the switching curreditwhich is an input variable  residence times with theory. In this way, we establish that our
The measured intensity histograms thus allow us to crosriginal stochastic intensity rate equations and the subse-
check the obtained fitting values fdé and Rs,. However, —quent reduction based on a multiple time-scale analysis de-
one has to be careful: E¢30) only takes into account the scribe the mode-hopping statistics well in both types of de-
average value of the spontaneous emission noise and dispéces.
gards high-frequency intensity fluctuations. For a proper
verification of the measured quasipotentials, one has to com- ACKNOWLEDGMENTS
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