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Transverse mode dynamics in vertical-cavity surface-emitting lasers: Spatiotemporal versus modal
expansion descriptions
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We discuss the range of validity of a modal description for the spatiotemporal dynamics of the optical field
in vertical-cavity surface-emitting lasers. We focus on the secondary pulsations that appear during the turn-off
transients when the injection current is modulated by a square-wave signal. We compare the results obtained
with both a full spatiotemporal modgl. Mulet and S. Balle, IEEE J. Quantum. Electr88, 291(2002] and
a modal expansion derived from this model. We find that the results obtained from the two descriptions agree
for strong lateral guiding. However, for weak lateral guiding we find differences because the optical-field
profile changes significantly due to spatial changes in the refractive index induced by the carrier density. The
reason is that in the full spatiotemporal model a shrinkage of the mode profile occurs, which leads to an
enhancement of the secondary pulsations. This effect is not included in the modal expansion, and it determines
the limits of validity of such an approach for gain-guided devices.

DOI: 10.1103/PhysRevA.66.053802 PACS nuntber42.55.Px, 42.55.Sa, 42.60.Jf

[. INTRODUCTION cause the modes can be quite sensitive to the spatial distri-
bution of the carrier density, which in turn depends on the
Vertical-cavity surface-emitting lasef¥CSEL9 have re-  optical pattern through spatial-hole burning. The dynamical

ceived a great deal of attention during recent decades, espdescription of the interplay between optical field and carrier
density requires consideration of the full optical susceptibil-

cially for their potential implementation in optical communi- . ; : . : .
y b P P of the active medium, obtained either from microscopic

cation systems. VCSELS present clear advantages over ﬂ{[' eories[16] or from suitable semiclassical approximations

conv_ent!onal edge-en_nttl_ng Igsers, such - as S"ﬂ'gle[lﬂ. In any case, the gain and refractive-index spectra in-
longitudinal mode emission, circular output beam, |0Wq,ceq by the carriers, as well as their nonlinear dependence
threshold, etc. However, as the injection current is increasegyn carrier density, are required.

they exhibit instabilities associated with the polarization state |n this paper, we investigate the limits of validity and
of the light and/or the excitation of transverse modes ofusefulness of a modal description of gain-guided VCSELSs by
higher order{2]. These evidences motivate the understandanalyzing the impact of the -carrier-induced gain and
ing, characterization, and control of both the polarization andefractive-index spectra on the stability of the transverse
transverse modes in VCSELs. The high complexity of themodes. We compare the results obtained from the spatiotem-
problem arises from the fact that several physical mechaboral description and the modal expansion, under dynamical
nisms are involved3]; namely, diffraction, thermal effects, conditions. The study focuses on the off-state bounce phe-

gain and refractive-index spectra, current distribution, etc:;_?‘mee—gf)m;rﬂb(;z‘?;t?gg okmhc(frgﬁ:e?:fusségghggrpea{j?sgt?gﬁ;
The initial studies of polarization instabilities in VCSELs ge-sig i yp

(4.5 idered th larization d ics in the ab f the optical power follow the current turn-off transient
2] consigered the polarization dynamics in the absence 18]. We demonstrate that there exists a critical value for the
spatial effects, but the increasing evidence of the interplay

== ) X ; hermal lensing strength above which the predictions of the
polarization and spatial effects has stimulated research incof,,qal expansion coincide with those of the full spatiotem-
porating this dependen¢e6]. _ ~ poral model. In the opposite case the modal description
The numerical complexity of a spatiotemporal descriptionyie|ds results that deviate from those in the spatiotemporal
of the VCSEL can be largely alleviated by expanding themodel. The differences arise from the dynamical redistribu-
optical field in cavity mode§7], specially for devices with a  tion in carrier-induced refractive index. The paper is orga-
low number of confined modes. This approach has been exjized as follows: In Sec. Il A we put forward the model for
tensively used in index-guided devicéair-post[8], etched  the spatiotemporal description of the optical properties of
mesa[9], or oxidized laye{10]), where methods for obtain- \CSELs. Next in Sec. Il B, we perform the modal expansion
ing both scalaf11] and vectorial[12,13 modes are well of the aforementioned model. In Sec. Ill we perform the
known. HOWeVer, lateral confinement of the Optical field in Comparison between both mode|s7 and f|na||y Sec. IV is de-
gain'guided deViceS SO|e|y re|ieS on the Spatial diStl‘ibutiOl’\,oted to Summarizing and Conc|uding the paper_
of the gain, with the help of a generally weak, thermally
induced lend 3]. Different approximate analytical methods Il. THE MODEL
have been proposed for determining the modal structure of
these devices, e.g., the complex square-law medii#hor
variational methodq15]. However, their applicability to We consider the spatiotemporal model for the dynamics
study large-signal dynamics in these systems is dubious b&f the optical field in VCSELSs given in Ref1]. This model

A. Full spatiotemporal description
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describes the lateral dependence of the slowly varying am- TABLE I. Device and material parameters.
plitudes(SVA) of the electric field around the optical carrier
frequency(), expressed in the basis of circular polarization Symbol Meaning Value Dim.
co.mponents¢\¢ . The circulgr components interac_t only wi_tr_] o Effective gain constant 1:310° st
spin-up or spin-down carriers, and the two carrier densitie Longitudinal confinement factor 0,045
are coupled among them by spin-flip processes. Then the Polarization d ; '10 o5
model constitutes a natural generalization of the spin-flipy olarization decay rate
model (SFM) [4], extensively used in the literature to de- Ne Background refrgcnye index 33
scribe polarization dynamics in VCSELs. For a detailed deri-"o Group refractive index 35
vation of the model and a discussion of the involved physical Free-space wavelength 085  um
processes, the reader is addressed to [R&fThe evolution ¢ Band-gap shrinkage 0.2
of the optical field and carrier variables is governed by Empty band contribution tay 2 10*
K Cavity losses 300 ns
- . car - Ya Linear dichroism 0.5 nst
GA=(r ) =— kAL FILAL I B3 P.(r;0) Yo Linear birefringence 30 ns
. A Nonradiative recombination rate 1.0 Ts
—(YaTivpAs +VBsDE(r ), (1) B Bimolecular recombination rate 18 cm®s?!
N, Transparent carrier density o cm
- m(t) - Yi Spin-flip rate 50 ns!
aD=(r ;1= Tc(ri) ~AD: Dl Bimolecular diffusion 05 um?ns?!
5y _ 5 Bsp Spontaneous emission rate —fo nst
_(BNt)Dt""}’j(D+_D—)+DVLDt
+3(P+A*—P*A+) ) (I}
21 e e P.(r i)~y Q+i——==""D, D_|A.(r, ;1.
AL(r st
P.(r, ;t) being the SVA of the circular components of the 5

active material polarizationD.. denotes the density of
spin-up(spin-down carriers normalized to the transparency
carrier densityN, .

Then, in the above approximation the susceptibility compo-
nents are evaluated at the instantaneous value of the fre-

The optical carrier frequenc§) for the SVA components quency of the optical f'eld’l"‘.St:QJr.' IA A ! hence the
of the electric fieldA. and the material polarizatioR.. is Zpectre_ll changes of the gain and index are included in the
= - ynamics.

that of the longitudinal mode that corresponds to an isotro- . - . .
The meaning of the remaining parameters is summarized

pIC, _Iate_rally homoger_leous d|str_|but_|on of refracnve—mdexin Table I. We consider that the shape of the transverse cur-
distribution n,. Dichroism and birefringence of the cavity

are described byy, and y,, respectively. The deviations rent density distribution is fixed by the structure of the de-
a pe . . > _ - - .
from the homogeneous distribution of refractive index due to’IC€; SO thad(r, ;t)=eWNC(r ) u(t), whereC(r,) is the

either thermal lensing, an oxide layer or a mesa structure, af@/rrent shape ang(t) its time dependence. Hence the total
. - . . injected current reads
described byAn(r, ;€) and included in Eq(1) through the

waveguide operator © R
) ) |(t)=M(t)eNth f C(ry)d?r, . (6)
. c R -
LA, = VZ+|—| 2n.An(r, ;Q)}Ai )
2Qneng c Finally, the last term in Eq(1) models spontaneous emis-

. - sion processes in the semiclassical approximaﬁgmraL it)
where we have assumed weak guidanae(r, ;{2)<n. and are random numbers with zero mean and uncorrelated in

tr;ggllgmle dispersion of the excess refractive index d'smbu'space, time, and polarization. Although noise effects are not

The SVA components of the material polarizatieh essential for the scope of this paper, they may affect the

) ; rforman f th m through switch-on time jitter, re-
have to be determined from the optical susceptibility of th performance of the system through switch-on time jitter, re

e . ; . .
material, y . (,D, .D_), to circularly polarized light, The duction of the eye diagram aperture, and mode hopping in

A X . . _the case of multimode operatim9].
susceptibility components describe the gain and carrier- P 409]

induced refractive-index spectra of the active region, and

they must be known for the model be closed, although no B. Modal expansion

specific forms are needed until Sec. lll. Since in the fre- Obtaining the solutions of the model presented in the pre-
guency domain we have that ceding section requires intensive computation due to the ex-
plicit spatial dependence of the optical-field components.
P.(r ;v)=x-(Q+v,D, ,D)A.(r,;v), (4)  Such an explicit dependence can be eluded, in the same way
as in Refs[7,18,20-22, by expanding the SVAs of the op-
an approximation to its temporal evolution[is| tical field in “cold-cavity” modes, ®,,,, of the transverse
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waveguide operatof. Then the electric field evolves ac- Since the modal amplitudes are nearly monochromatic
cordingly with a set of ordinary differential equations for the around each modal frequengg.. ,(v—w,)#0 only when
mode amplitudes. The major inconvenience in such an ap#~w,] we use the modal reference frames=v—w, for
proach is that the interaction with the active material has tdransforming to time domain. Using the same technique as
be weak so that possible distortions of the cold-cavity mode$efore for performing such a st¢p], we have

can be neglected. In this paper, we demonstrate that the last

hypothesis is not always fulfilled in gain-guided VCSELs a. (1)
and that there exists a minimum required lateral guiding. P. (U D~ 2 Xe| Qto,ti a. (1)’ D+ 'D)
The modesb ,,, and the modal frequencies,, are deter- N
mined by the eigenvalue problejl] - _
2 xa*a(t)q)a(rl)elwat:| . (13)

V2+|—| 2n.An(r)

Wi\ 2
Dpyy(r,0)= ( ) Dy (r,0), L . . .
Iy Upon substitution of Eqg9) and(13) into the field equation

(1) and by projecting onto a modéz(rl), we arrive at the
rate equation for the amplitude of the mode considered,

(@)

r4 being the waveguide radius. The modal frequencigs,
which are found from the dimensionless cladding propaga-

. . iall )

tion constanWp,, a.g(t)=— Katﬁ"‘Tprﬁ(t)_(’)’a"‘ iyp)asgtFa(t),
c? (Wm|>2 (14)

s —| . (8

2Qngng while by substituting Eqs(9) and (13) into Eq. (2), we

obtain
describe the frequency redshift between the mode considered

and the optical carrier frequendy. M( ) 5
The solutions®,, define a complete set of orthogonal 9D+ (r.;t)=——=C(r,)—AD.—(BN)D?%

eigenfunctions, with the mode profile havinm{1) zeros

in the radial direction whereas (Rzeros occur in the angu- .

lar direction.® 4, is referred as the fundamental mode;, +7(Dy

as the first-order transverse mode, and the remaining as

Wm|= —
Iy

P a
—D_)+DVID.+ 5

higher order transverse modes. It is worth recalling that these Hog-o.) .
cavity modes and modal frequencies are polarization inde- X% etvpmdd Dy .| A+ o,
pendent, and that the cavity anisotropies that may favor one “
linearly polarized state over the orthogonal one have been a. (1)
included through they, and y, parameters. We therefore a = 0 ,D,,D_ ata(t)agﬁ(t)—c.c. .
express the SVA of each circular component of the field as +al
(15
AL(rost)= % D p(r)a.mi(t)e” " “mi, 9 Note that the stimulated recombination terms in the above

equation retain the local spatial dependence of the carrier
variables. On the contrary, in the modal material polarization

wherea. ,,/(t) stands for the complex circular componentd%eflned through

of the modal amplitude associated with the transverse mo

@1, which is normalized such that .
pep()=2> e‘(‘"ﬁ“"“’tam(t)f J Phxe| A+,
f f |@oni(r)[Pd?r =1 (10 ‘ -
2 ,(1) 2=
In the frequency domain, Eq9) reads +i a0’ D4 ,D- )q)ad ri:|1 (16)
A(r v)=2 @ (r,)as (v—w,), (11)  the carriers appear under an integral sign. Hence, the depen-

dence ofp-. ; on the carrier variables has a nonlocal charac-
ter.p.g represents the projection of the active material po-
where «={m,I} is a shorthand index for the transverse ajzation onto the modal profild%(r,), i.e., the carrier-

modes, witm=0,1, ..., and=0,+1,.... Bysubstituting  jhqyced gain and refractive-index change experienced by the

it into the constitutive relationship Eq), we have mode. The model is thus similar to that developed in Refs.
[7,22], where the spatial dependence on the carrier density is

B.(F,, )= xo(Q+1D, D )a. (v—aw D, (F,). explicitly maintained for the computation of the modal gains,

thus including the effects of spatial-hole burning. Our de-
(12 scription, though, includes not only self-saturation effects of
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the modal gains, but also cross-saturation effects among thehis description captures the essential features of the gain
modes, because thicomponent of the material polarization and index spectra in QWSs. The analytical expression for the
is not diagonal in the field amplitudes;, rather it contains optical susceptibility reads

a superposition of different contributions arising from all the

modes. By taking the usual definition of the modal g&ip X=(Q+v,D,,D)
of a transverse mode, as the imaginary part of the coeffi- 2D D.+D
cient of the diagonal element @f. 4, =_ _o/= - -

g ot g Xo In(l T +In| 1 T )

al’
T 242r b
Xa=- f f Imy+(Q+w,,D.,D)|®,%d%r —|n<1— > 22
17

it is clear that the other, nondiagonal termspin, lead to The frequency deple/:?dence is incorporated throughA
cross saturation. Moreover, it is worth noting that the modalt ¥/ v+ o(D_+D.)™", wherey is the natural width of the
beat notes ¢;— w,) appear in the evolution of the carrier OPtical ransitionsA =(£) - wy)/y measures the normalized
densities, Eq(15). These beat terms will be negligible when detunmg. of the longitudinal mode resonance with respept to
the frequency splitting between transverse modes is large nominal band gap, and(D +D )" phenomenologi-
enough, since in this case nonstimulated carrier recombin&ally describes band-gap renormalization due to Coulomb
tion induces a low-pass filtering effect that strongly dampghteraction between electrons and holesbeing the band-
them, but not otherwise. We shall thus include in our descripgap renormalization parameter.
tion only the terms arising from frequency-degenerate modes
and neglect the other ones. . RESULTS

Finally, the statistical properties of the projected Langevin

noise sources . 4(t) are In this section we perform a comparison between both

methods in order to discuss the usefulness and limits of va-
(Fop(OF% (1))=8. _8(t—1t")2Bsp lidity of a modal description of the spatiotemporal dynamics.
We focus our discussion onto the study of the VCSEL dy-

P S oo namics during turn-on and turn-off transients accompanying
Xf f_w(bﬁ(rL)Diq)“(rl)d i the large-signal modulation.

(18 A. Single-mode operation

(F+4(1))=0, (19 As a starting point, we consider the case of a single-mode
o . ) . VCSEL (rc=ry=3 um) with a disk-shaped contactn (
indicating that, in general, correlation may exist between the- 0) being modulated by a square-wave signal from the
spontaneous emission terms in different transverse modggreshold to four times the threshold with a modulation pe-

due to the limited extent of the pump region. riod T=10 ns.
In Fig. 1 we plot the results obtained from direct integra-
C. Injection and response of the active medium tion of the two-dimensiong2D) model(solid lineg together

For the sake of simplicity, we assume that the radial disWith those obtained after performing the modal expansion

tribution of injection current in the quantum wé®W) plane (dasr_uzed lines for a relatively strong thermal lensiny
is approximated by =10 “. The two models yield very similar results for the

dynamics of both the power and carrier density, although it
C(p):e*PGe”PZ (200  can be seen that for very low power levels, there are some
small differences among them due to the different way of
with p=r/r., r. being the radius of the contact. When including spontaneous emission noise in each model. During
=0, the current distribution is super-Gaussian and describé§e current switch-on, the intensity and modal gain undergo
a disk-shaped electrical contact, while a ring-shaped contadypical relaxation oscillations. Following the turn-off tran-
is described by1>0, with larger current crowding the larger sient, we observe the appearance of an optical pulse, gener-

n. In addition, a truncated parabolic waveguide ally, with low intensity levels. We explicitly define a second-
ary pulsation[18] as the first optical peak that follows the
Any[1-R?] if R<1 current turn-off. This effect is also referred adf-state
An(R)=1 o if R>1 (21 bouncein optical transmission systems using digital encod-

ing [21,23-26. Since this is a detrimental effect that can

affect the performance of the bit recovering process, it is

mimics the effect of a thermal lenAn,, is the thermal lens- imperative to have a thorough understanding and control of
ing strengthR=r/ry, andr, the waveguide radius. such a phenomenon, thus requiring fast and accurate simula-
Finally, we consider an analytical approximation to thetion tools. Secondary pulsations can be characterized by two
optical susceptibility of the QW, equivalent to that given in figures of merit, namely: the OFF/ON ratio that measures the
Ref.[17], but for the circular components of the optical field. power relation between the maximum of the first optical sec-
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40 45 50 55 6.0 65 70 -4 -2 0 2 4
t[ns] x/ry

FIG. 1. Turn-on and turn-off transients for strong lateral guiding
conditions. Numerical simulation of the spatiotemporal dynamics
(solid lineg in comparison with the modal expanded method
(dashed lines Parameters: disk electric contact with=0, u, 40 45 B0 55 60 65 70 -4
=tn, Mon=4kn, c=Tg=3 um, D=0.5 um?/ns, Any =102, t[ns]

A=1.0.

FIG. 2. Evolution of the optical intensity in log scala, modal
ain scaled to losse®), detail of the turn-off transients in linear

ondary peak with respect to the cw mean power, and the timgcale(c), and cross section of the carrier densities at different time

Tor elapsed between the current turn-off and the first secondstagegd). The results from the 2D model are plotted in solid lines
ary pulsation. The presence of spontaneous emission NOi$Rd the corresponding optical profiles are shown in Fig). AVe
induces small fluctuations in these magnitudes from one biise dashed lines for the modal expansion, except in [faheThe

to the other[19]. As has been already commented, thesesecondary pulsations obtained from the 2D model have OFF/ON
pulsations cannot be explained in terms of the typical relax—~22% and T,~0.34 ns, while OFF/ON~16% and T
ation oscillations that appears in gain-switched semiconduc~0.52 ns from the modal expansion. Parameters: disk electric con-
tor lasers, since the bias current is usually set at the threshotdct with n=0, wpy=pin, Hon=4uth, Fc=rg=3 um, D

or slightly below it. In contrast to relaxation oscillations, =0.5 um?/ns, An;=3x10"3, A=1.0.

secondary pulsations are explained in terms of a diffusive mong them during the dynamics. In particular, the ratio of

spatial effect. When the laser switches on, the spatial-hol?h . .
. . . . the secondary pulse height to the cw pow®&FF/ON is
burning effect causes a hole in the center of the carrier d'séignificantly h)i/gﬁer for thg 2D modela(zzp%) than fé\? the

tributjons[see Fig. @]: When_thg current.is tu_rned off, the modal expansion~£16% only. Moreover, the time at which
hole in the carrier d.|str|but|or'1 1S filled by. diffusion Processesq secondary pulses appear is also significantly different for
and, under appropriate conditions, provides extra gain duringhe o models: in the first, the secondary pulse appears with
a short period that finally produces the optical pulses. Both ge|ayT .~0.34 ns after the current is switched off, while
models exhibit, for the parameters considered, anomaloug the ‘second, the delaJ~0.52 ns. Finally, the spatial
turn-off transients with multiple secondary pulsations, whoségle burnt in the carrier density is larger in the 2D model.
peak power reaches about 40% of the cw power in botleyrther reduction oA n, leads to larger differences between
models. Also, the time at which the secondary pulses occuhe two models.
are almost the same in both modelg§~0.22 ns), and the In Fig. 3 we compare the results obtained with the two
degree of spatial-hole burning in the carrier density is alsanodels for the same parameters as before, but in the case of
very similar. We also find that the strength of the secondarya ring contact with deptim=2. In this case, the carrier dis-
pulsations, OFF/ON ratio, decreases both when the bias cutribution develops a marked peak at the carrier crowding
rent is reduced and when the “on” current approaches theadius in order to provide sufficient gain to reach lasing in
threshold in correspondence with previous studliegs20]. the fundamental mode, and the threshold is larger than in the
Performing the same analysis for a weaker thermal lenformer case due to the smaller overlap among the Gaussian
Any=3x10"3, the agreement between the two models bemode and the ring-shaped carrier distribution. This effect fi-
comes worse. Solid lines in Fig. 2 represent the results obmally leads to carrier distributions with strong radial gradi-
tained by direct integration of the 2D model, whereas dashednts. When the current is turned off, this large gradient pro-
lines are those obtained after performing the modal exparduces a rapid filling of the hole, providing smdl}; times
sion. In this case, although the two models yield the samend rather large OFF/ON ratios. However, the shape of the
qualitative turn-off dynamics and they lead to the same cwecurrent injection does not affect the conclusions regarding
powers, significant quantitative differences can be observethe influence ofAn,, on the agreement between the two mod-
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x/r, X/,
(C) 9 9
2 (d) FIG. 4. Optical profiles computed from the numerical integra-
+ tion of the spatiotemporal dynamics at different time stages: begin-
z ning of the laser onsefsolid lines and circlg under continuous
) wave operatiorisolid lineg, first peak of secondary pulsatio(tot-
IVUTTUN ; A ) ted lineg, and first optical valley(dash-dotted lines The mode
40 45 50 55 60 65 70 -4 4 shrinkage is(@ ~7% for An=10"2, (b) ~12% for An=5

t[ns]

X108, (c) ~17% for An=3%x10"2, and(d) ~30% for An=9
FIG. 3. Typical secondary pulsations during the turn-off tran- X107,
sient of a VCSEL with a ring-shaped electrical contact with (

=2). Secondary pulsations from the 2D model OFF/©189%  case, following the laser switch-on, we observe a consider-
andT,x=0.22 ns, and from the modal expansion OFF/©M0%  able mode shrinkage. When the laser switches on, it pro-
and T~0.30 ns. The remaining parameters are the same as iuces spatial-hole burning in the carrier distribution. Thus,
Fig. 2. the resulting distribution of refraction index is disturbed, be-

_ o ) ) ing larger in the center than in the carrier crowding radius.
els: the quantitative discrepancies between the two modelgyis jeads to a waveguide that provides an extra lateral con-

are even larger than for the disk-contact VCSEL and theyinement of the electric field that, in turn, is responsible for
also increase as the thermal lens weakens, although thgfie mode shrinkage. The above observations allow to simply
results match for relatively largany . In panels 20) and  gypjain the discrepancies between the two models observed

3(b), we represent the evolution of the modal gain of thej, the dynamics: for weak thermal lensing, the passive wave-
fundamental modéobtained from the modal expansjoiihe  ¢,ige is noticeably distorted due to the carrier-induced index

modal gain equals losses at the threshdldy~«, which  change as can be seen in Fig. 5. The extra lateral confine-
coincides with our bias current. Following the turn-on tran- ant of the field in the 2D model due to the spatial hole
sients, we observe modal gain variations resulting from the,;t in the carrier density favors the activation of secondary
relaxation oscillations. On the other hand, during the turn-off,, ,1sations. which are stronger and occur sooner than in the
tra.nsients,.the hole filling produces oscillations in the modal;,5qal expansion method because in this case the field is less
gain that finally lead to the appearance of secondary pulsggnfined to the injection region. From this analysis we con-
tions. However, as already mentioned, the spatial hole ig| ge that in the single-mode case the modal expansion
deeper in the 2D model, which leads to an underestimatiof,athod requires\n,=5x10"2 for having good quantita-

of the height and time of the secondary pulsations. tive agreement with the 2D model. Qualitatively correct re-

In order to clarify the origin of these discrepancies, wWegjis can be obtained with the modal expansion method for
haye analyzed how robust theT modal profiles are durlr)g th%nt,>3><10‘3. Below this value, the modal expansion ap-
switch-on and turn-off dynamics due to the changes in rey,qyimation can no longer be used, since it leads to qualita-
fractive |r_1dex associated _Wlth the carrier density. Anyye discrepancies with the 2D model.
changes in the modal profiles are naturally accounted for
within the spatiotemporal description, but not in the modal
expansion. In Fig. 4, we represent a cross-section of the op-
tical profiles at different time stages. For large thermal lens- As a final example, we consider a multimode VCSEL
ing strength, the modal profiles and modal frequencies arwith larger radiusr.=ry=4 um, and moderate thermal
quite robust against perturbations produced by the carrielensing strengthAn,=4X 10 3. So, the transverse modes
induced refractive index. In this limit, the modal expansioninvolved in the dynamics are the fundamental;§.Bnd the
provides an accurate description of the turn-off dynamicdirst-order transverse LPmodes in any of the two possible
since the modal profiles do not change. However, this is nopolarizations. In this situation, we analyze square-wave
the case when the thermal lens is wésdte Fig. 4d)]. In this  modulation of the injection current.

B. Multimode operation
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FIG. 5. Evolution of the active-material susceptibility obtained ~ FIG. 7. Secondary pulsations in a multimode VCSEL from the
from integration of the 2D model. Cross section @) ¢he optical ~modal expansion. The same parameters as in Fig. 6. Power of the
profile in arbitrary units, J) gain—T Imy.. /(2n,), and (A) total ~ LP;o mode(solid line) and power of the LB mode(dashed ling
index of refractiolAn(r) +I" Rey- /(2ng), in dimensionless units.
Two time stages are plotted: the beginning of the laser ons
(dashed linegsand cw operatiorgsolid lineg. The same parameters
as in Fig. 2 except foAn,=9x10*.

e#ljjnt" the current is turned off. By analyzing the evolution of
the near-field images in the dominant polarization, we ob-
serve that the orientation of the LPis not fixed, but it
rotates between the cos and sin modes. Following the current
) ] ] ) turn-off, we find that secondary pulsations take place in the
The total intensity and the intensity of the secondary pofyndamental transverse mode and that both linear polariza-
larization component, obtained from the spatiotemporations carry significant amount of power. Even though the role
model, are separately depicted in Fig. 6. We considered thajf higher-order transverse modes is to suppress the magni-
the fundamental mode resonance is blueshifted with respe@lide of secondary pulsatiofig0], we can still observe an
to the gain peak bA =1. The general trend observed is that OFF/ON ~6%.
both polarizations initially switch on carrying significant  The modal expansion allow us to easily follow the sepa-
amount of power. The secondary polarization remains activeate evolution of the transverse-mode amplitudegglahd
during a transient time;-1 ns in the figure. When the sec- LPy; [Fig. 7(@]. The fundamental transverse mode is initially
ondary polarization reaches the noise level, the total intensitgelected. Then, as a consequence of the global increase in
undergoes additional relaxation oscillations leading to a recarrier density and due to the spatial-hole burning in the
activation of the secondary polarization. In order to bettercarrier distribution, the first-order transverse modeL¢an
understand th|s phenomenon we have analyzed the Comput@&)flt from the aValIabIe materlal ga|n.-The fIrS.,t.-Ol’der trans-
near-field images, shown in Fig. 6 for certain time stagesYerse mode switches ont 1 ns, causing additional relax-
The result is that~1 ns after the laser switch-on, the first- ation oscillations. This mode coexists with the fundamental
order transverse mode starts lasing in the secondary polarizg10de until the current is turned off. Secondary pulsations

; ; i ; : appear in the fundamental mode and they have similar
tion (dashed lines and coexisting with the Gaussian mode OFF/ON as those obtained with the spatiotemporal model. In

Fig. 7(b), we represent the evolution of the modal gain for

100 both transverse modes. During the current turn-off Xhg
modal gain exceeds the losses during a short period, which in
e 10-2 turn originates the appearance of the secondary pulsation.
5 l‘ However, the monotonic decrease in modal gainXef is
£ 1074 worth noting: when the current is turned off, there is a sud-
z den interruption in carrier injection at the edges of the dis-
% 1078 tribution that produces a worse overlap with the mode;LP
E 4 and thus a decrease in modal gain. The rotation of thg LP
19 mode is also found in the modal expansion, resulting from
e R L S the cross-saturation terms between the two degenerated first-
0 5 10 15 20 order transverse modes. The reconstructed near-field images

t[ns] in Fig. 7(a) are in good agreement with those computed from

FIG. 6. Secondary pulsations in a multimode VCSEL from thethe full spatiotemporal model.

full spatiotemporal model, OFF/ON-6%. Total intensity(solid

line) and secondary polarizatiofashed ling Parameters: super-
Gaussian current profile,=r =4 um, wpias= tinr Hon=2%tth The usefulness and limits of validity of a modal expan-
Ang=4x10"3, andA=1.0. sion for analyzing large-signal dynamics in gain-guided VC-

IV. CONCLUSIONS
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SELs have been investigated by comparing the predictions ain the modal profiles and frequencies: for weak lateral guid-
the modal expansion method with those of a full spatioteming, the mode profiles significantly change during the evolu-
poral description of the system. The modal expansion pretion. Furthermore, we conclude that the practical applicabil-
sented in this paper generalizes previous models by incorpaty of the modal expansion is limited to small VCSELs where

rating polarization effects and gain cross-saturation termg reduced number of transverse modes is involved. Other-
among degenerate transverse modes. The comparison hgfse, the computational times required for accounting for
mainly focused on the secondary pulsations that appear URych a large number of modes is nearly equivalent to that

der square-wave modulation of the injection current. Weyhen directly dealing with the full spatiotemporal model.
have found that the modal expansion yields qualitatively cor-

rect rgesults for thermal lensing strengths abave,~3

xX10°. However, quantltatl_vse_agreement between the two ACKNOWLEDGMENTS

models required\n,;>5X10"* independently of the shape

of the current injection. This value dfn,; is about one order This work was funded by the European Commission
of magnitude larger than the contribution arising from thethrough the VISTA HP-TRN and the Spanish MCyT under
carrier-induced refractive index, thus confirming that the disProject Nos. TIC99-0645-C05-02 and BFM2000-1108. The
crepancies originate from the fact that the modal expansioauthors wish to thank A. Valle and L. Pesquera for helpful
neglects the effects of the carrier-induced index of refractiordiscussions.
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