PHYSICAL REVIEW A VOLUME 58, NUMBER 4 OCTOBER 1998

Modeling the interplay of thermal effects and transverse mode behavior
in native-oxide-confined vertical-cavity surface-emitting lasers
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We present a microscopically based vertical-cavity surface-emitting ((&SEL) model that treats plasma
and lattice heating self-consistently and includes gain dispersion in a fashion facilitating the incorporation of
many-body effects. This model is used to investigate the interplay of thermal effects and transverse mode
behavior observed in recent experiments with large-aperture selectively oxidized VCSELs. We confirm that the
highly divergent single-mode emission seen experimentally at low ambient temperatures may be caused by a
redshift of the cavity resonance frequency relative to the quantum-well gain peak. Moreover, due to the
dependence of the gain spectrum on temperature our model qualitatively reproduces the niecaasebf
the dominant spatial scale of the low-temperature steady-state field patterns with pumping. Finally, we dem-
onstrate that spatial hole burning plays a significant role at larger ambient temperatures and explains the
decreaseof the spatial wavelength with pumping, in agreement with the experiments.
[S1050-294{@8)02410-X

PACS numbe(s): 42.55.Px, 42.55.Sa, 42.60.Jf

[. INTRODUCTION VCSELs. Pumped just above threshold at an ambient tem-
perature of 290 K, a 25um X 25 um VCSEL exhibits
Narrow circular beam divergence, single longitudinal highly divergent off-axis emission in a single mode, and the
mode operation, and dense two-dimensional packing capabipear field is characterized by parallel stripes corresponding to
ity are listed as the most advantageous characteristics @ternating regions of high and low intensity with a trans-
vertical-cavity surface-emitting lasef¥CSELS in a 1988  Verse spatial wavelength ef1 um. With increasing pump-
review article[1] on the topic of surface-emitting semicon- ing, this gives way to multimode behavior and more complex
ductor lasers. A very recent revid@] reiterates these points SPatial field patterns wittonger dominant wavelengths. In

and highlights the advances in VCSEL design, fabricationcontrast, at larger ambient temperatures the measured near-
and performance achieved in the past decade. The fact th reshold field exhibits multimode behavior and is dominated

recently an entire conferen¢8] was dedicated to this par- . y large spatial scales thdecreasewith increasing pump-
ticular optoelectronic device establishes most convincingl))n

the technological importance VCSELs have gained. VCSELs hallenging task by requiring a simultaneous treatment of

are .alrea.dy being u;ed commeruglly for hlgh.—spfae hermal effects and transverse mode behavior. Moreover, the
medium-distance data Il_nks, and potgntlal future applllcatlonai h-order transverse modes seen in the experiments have to
encompass areas as diverse as optical storage, print hea Eg*included, and the femtosecond time scale of the polariza-
and bar-code scannefr4]. _ o _tion dynamics needs to be resolved in order to account for
To a large extent, the use of selective oxidation of highyode " discrimination via gain dispersion. Several different
aluminum content AlGa,_,As layers in the VCSEL struc- types of models for VCSELs have already been discussed in
ture [5,6] — to provide both current and optical mode con- the literature. Some of thefil3—17 are predominantly con-
finement — is responsible for the great improvements incerned with the thermal aspects of VCSEL operation, while
VCSEL performance in the last several yefs11]. These others[18—-22 mostly concentrate on transverse mode be-
so-called “selectively oxidized” or “native-oxide confined” havior. Of the latter models, all employ a transverse modal
VCSELs have thus attained a prominent status in the fielddecomposition of the electric field, including at most three
and a thorough understanding of their properties is desirableénodes. To our best knowledge, only the models presented in
Of particular interest for high-power applications is the po-Refs.[23—-26 seriously address both issues simultaneously.
tential for scaling to broad-area devices. In this context, thedowever, Refs[23] and [26] lack concrete results for the
important role of thermal effects in the formation of trans- full models, while the applicability of the otherwise excellent
verse field patterns has been demonstrated by recent expemtodel of Ref[24] is restricted to small-area VCSELSs, since
ments [12] with large-aperture native-oxide confined it relies on an expansion of the electric field in a small num-
ber (five) of transverse optical modes. Similarly, in REZ5]
only two modes are taken into account. Moreover, the as-
*Present address: Department of Physics and Applied Physicsumed linear carrier density dependence of the optical gain
University of Strathclyde, Glasgow G4 ONG, Scotland. restricts the validity of the model to the vicinity of the

Clearly, a rigorous modeling of these phenomena poses a
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threshold and gain dispersion is not included. transverse wave vectors with increased pumping.

We have previously established a VCSEL mdddl] that The general equations constituting our VCSEL model are
employs a self-consistent approach to thermal effects. Thitroduced in the following section. Section Ill then specifies
temperatures of the plasma{) and the lattice ;) are dis- the geometry and the parameters for the particular model
tinguished and treated as dynamical variables, coupled to tonsidered in this paper. Our results are presented in Sec. IV,
optical field, polarization, and carrier density. Pumping,discussed in Sec. V, and the paper is summarized in Sec. VI.
stimulated emission, and relaxation towafgsletermine the 1 WO appendices provide additional details about the deriva-
evolution of T,. In turn, theT, dynamics are governed by tion of our model equations and our choice of model geom-

coupling toT,, ohmic heating, nonradiative recombination, etry.

and relaxation towards a fixed ambient temperature. Increas-

ing T, causes band-gap shrinkage, which directly affects the Il. MODEL EQUATIONS
optical properties by redshifting the gain spectrum. This

o . In this section, we present the basic equations of our
model exhibits the output power switchoff at stronger pump-, ! ;
ing typical in VCSELS[27], offers plasma heating as a mi- VCSEL model. First, we formulate the dynamics of the sca-

croscopic justification of intensity-dependent gain in semi—Iar electric field within the slowly varying envelope approxi-

conductorg 28], and predicts bistable operation of VCSELS mation. The general treatment presented here includes exter-
at low ambient, temperaturégg] nally imposed index guiding as well as thermally induced

In order to model broad-area selectivel oxidizedindex changes. The dynamics of the total carrier density and
VCSELS, three important extensions have been Ymi}jWe total carrier kinetic energy density are derived from the semi-

allow for an arbitrary two-dimensional transverse spatial deconductor Bloch equations within the free-carrier model, fol-

pendence of the optica field in the actve region—nat rely-o "8 BCC 20 TSN P o Al (e,
ing on a modal expansiofij) we include a spatially varying ' P y ) '

transverse refractive index profile, motivated by the effective\ggfa[g%y 'IER?S Zﬁg(:t:sves%f;:cleg:iﬂzntcigfr%?g? g?g?:lzg ;n
index model[24,30; and(iii) we account for gain dispersion : - ws u inclu polarizatl

by reding e polazaton ynamics wiin an efecve I YA, (U secauning o gen spersor
Bloch equation approacf81]. Although we are restricting yreq 9

ourselves to the free-carrier model in this paper, we would’ calcu_lated sus_ceptibility, the effe_zctive Bloch equation ap-
like to note that the latter method greatly facilitates the in_proach is well suited for the inclusion of many-body effects

corporation of many-body effects. Applying this improved [31] Hovyeyer, in this first version of our.VCSEL modej we
VCSEL model to the type of device studied in REE2], we are restricting ourselves to the free-carrier case, leaving the

obtain qualitative agreement with the experiments in the fol_numerically expensive many-body susceptibility calculations

lowing main points:(i) At a low ambient temperature and at numerous densities and temperatures to a future improved

just above threshold the model exhibits highly divergentmOdel‘ Gen_eralizing the treatment of the_carrier kinetic en-
single-mode emission. As the pumping is increased, lasin rgy dynamics from Ref27] and transforming to a tempera-

occurs in several modes amallertransverse wave vectors. ¢ d.esc.r|pt|on, we arrive at a closed set O.f equations for the
?Iectrlc field, total polarization, total carrier density, and

(ii) In contrast, at a higher ambient temperature and jus lasma temperature. Finally, this set is supplemented by a
above threshold the steady-state field is dominated by smalf p ) Y, PP y

transverse wave vectors. With increasing pumpilagger phenomenological equation for the lattice temperature.
transverse wave vectors appear, but the highly divergent off- _ _
axis emission seen at low temperatures is not observed. A. Scalar field equation

Within our model, this behavior is readily explaine(d: A complete description of the electric field in a VCSEL
Near threshold, the low ambient temperature regime is chagyoyld have to account for its vector nature. Although such a
acterized by a pronounced redshift of the cavity resonancgqorous approach has recently been used to obtain the cold-
frequency relative to the gain peak frequency. We find that INavity vectorial eigenmodes of an air-post VCSE3], it
such a case a laser with a sufficiently strong transverse indgyoyld be difficult to include such a treatment in a realistic
guide will select the standing wave lasing solution with finite dynamical VCSEL modelfor additional comments, see Ref.
transverse wave vector emitting at the gain peak frequenc¥34])_ In order to avoid these complications, and since the
in generalization of earlier results for traveling waves in U”i'emphasis of this paper is not on polarization effects, we treat
directional ring laserd32]. Increased pumping raises the he electric fields as a scalar quantity. However, in the com-
temperature of the gain medium, which results in a redshifl5ison between the results of our model and the experiments
of the gain spectrum and thus a reduced gain offset. Lasings ref. [12], we will return to this point. We furthermore

still occurs preferentially at the gain peak frequency, hencggssyme that the space and time dependence of the electric
stronger pumping leads to lasingsanallertransverse wave  fie|q is given by

vectors.(ii) At larger ambient temperatures, the redshift just

above threshold is reduced significantly or can even turn into Ex,y,Z;t) =E(X,y,Z;t)exp( —iwct) +c.C.

a blueshift. In such a case, lasing occurs at near-zero wave

vectors, again in accordance with the theory of R8&g]. =E(x,y;t)sin(k.z)exp(—iwct)+c.c. (1)
Fields with such small wave vectors cause large-scale trans-

verse modulations of the carrier density and the temperaturekhe fast time dependence is governed by the cavity reso-
that can no longer be smoothed by diffusion. The resultingnrance frequencyw, and E(X,y;t) describes the complex
spatial hole burning leads to multimode emissioraaier  field envelope, which varies slowly in time and in the trans-
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verse spatial directions andy. The assumption of a stand- dex changes are described by the last term, whglis the
ing sinusoidal wave spatial dependence on the longitudindhttice temperature anédn,/JT, is the change oh, with
directionz [27] is motivated by two well-known character- temperature measured at a reference temperaire
istics of VCSELSs:(i) Their short cavity guarantees single

longitudinal mode operation, an@) the use of distributed B. Carrier dynamics
Bragg reflectorse DBRs) as mirrors results in a very high _ .
finesse cavity. This simplification is akin to the mean field 1. Semiconductor Bloch equations

limit ubiquitous in solid state and gas laser theory. In such  The equations for the carrier-field interaction are derived
lasers, the justification of that approach for Fabrye®éype  from the semiconductor Bloch equations for the wave vector

cavities is Usua”y difficult due to IOngitUdinal hOIe-bUrning resolved enve|0pe po|arization Variab|p§ and carrier dis-
effects, while it is straightforward in quantum well VCSELS, triputionsn,,  [27,31,39,40)

where the longitudinal extent of the active region is small

compared to the longitudinal wavelength. The longitudinal Pe=—[7o+i(wr— 0o IPk— i QMo+ Np—1),  (6)
wave vector is related to the cavity resonance frequency via ’ ’
c N k= A k= YoNak— Y1(Nak— Far) +i(QpE —c.C),
We= kC1 (2 (7)
ncav

where a=e¢,h denotes electrons and holeg, is the polar-

: o _ . ization dephasing rate, angl, is the nonradiative carrier

pred(_)m_mant refractive mdex_ in the cavity. .. recombination rate.y, is the -carrier-carrier relaxation
Within - the slowly varying envelope approximation rate towards quasiequilibrium Fermi-Dirac distributions

[27,31,38, the time dependence of the field envelope is gov—fmk, characterized by a total carrier densiti

where ¢ is the speed of light in vacuum anal,, is the

emed by =(AINV)Zfe = (INV)Zf, « and a plasma temperatute, .
ic2 ™ L In the free-carrier model, the optical transition energy is
= 2 _ c —_m iven b
E 2wcnbngViE kE+ Zeonbng'g 3 P g y
i on h%k?  h2k?
@ b = + eyt Enk= +—t—
Aoy TR TTo R @) ho=egTteent en=eg(T* 50+ o
. £.2k?
Here,n, andng are the reference phase and group refractive =ey(T)+5—, 8
indices of the active material in the quantum well. The first 2m;

term on the right hand side represents transverse diffraction,h q the effect lect hol q
Wherer is the transverse Laplacian. The term proportionalW Ereme, My, andm, are the etiective electron, hole, an
educed mass, respectively, whig is the band gap, which

:g fhzcr(r:fi)rlﬁgi ?r:I)sa\\;\lltZ léfﬁr?;z%v hich are assumed to be du[(Jeepends on the lattice temperatdrevia [41]

_ ¢ 1
K_2anavnrm

UlTI2
T|+U2’

©)

(4) Sg(TI):sg(O)_

whereL is the length of the cavity and,, is the amplitude ~Whereeq(0), vi, andv, are material parameters. Within
reflection coefficient of the emitting end of the VCSEL, the free-carrier model, the Rabi frequency is given by
while the other end is assumed to be totally reflecting. 1

P(x,y;t) is the slowly varying co.mplex enyelqpe of the total Qk:_MkE(t): (10)
polarizationP(x,y,z;t) in the active material, i.e., h

P(x,y,z:t)=P(X,Y,Z;t)eXp —i wct) + C.C. wherepu, is the dipole matrix element, which can be written
as[39,4Q
=P(x,y;t)sin(k.z)®(0.5.,—|z|)
X exp(— i )+ 6.C., (5) = oy (1)
Wy

where®(x) is the Heaviside function ensuring that the po- ) ]

larization is nonzero only within the longitudinal extent, ~ With a material-dependent paramefey. Finally,

of the active medium. Note that,, can encompass several _

quantum wells. The corresponding term in E8). represents Ag k= Ynfak(1=ng ) (12

the coupling between the field and the active medium, where o

€o is the permittivity of vacuumg is an effective coupling represents the pumping by carrier injection, whégg are
constan{27], andL,/L is a geometric confinement factor. Fermi-Dirac distributions at the lattice temperatiie since
Index guiding is included via the second to last term on thehe injected carriers can be assumed to be in equilibrium
right-hand side, wherdny(x,y) is the spatial deviation of with the lattice, while the factor (+n, ) describes the
the refractive index fromrm,,. Finally, thermally induced in- Pauli blocking of the injected carrief27,40.
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2. Polarization dynamics ternatively an effective Bloch equation approach has been

The polarization dynamics has a femtosecond time scaderived for semiconductor las€31]. The total polarization

— much faster than the dynamics of the electric field and the 1

carrier distributions — and can often be assumed to adjust P=—> wipk (13
instantaneously on the time scale of the latter processes. This V&

adiabatic elimination of the polarization is realized by setting

the time derivative of the microscopic polarizations in Eq.is related to the electric field in the frequency domain via

(6) to zero. Pursuing this approach, one eventually arrives at _ -

the model equations presented in RgZ7]. However, by P(w)=eonpx(w)E(w), (14
ignoring the time dependence of the polarization, one elimi-

nates the frequency dependence of the gain — the gain digvhere we have dropped the sinusoidal longitudinal depen-
persion — which provides an important means for modedence, since it is assumed to be the same for polarization and
selection, as will be shown below. Moreover, as discussed ifield. Here,F(w) indicates the Fourier transform of a quan-
Ref.[32], including transverse diffraction of the optical field tity F(t). In the most basic version of the effective Bloch
while adiabatically eliminating the polarization can result in equation approach, the calculated or measured susceptibility
an ill-posed mathematical problem, as exhibited numericallys fitted by a frequency-independent “background” contri-

by grid-scale instabilities. bution and a single Lorentzian
For a more complete description, instead of adiabatically
eliminating the polarization, one should take its dynamics X(@)=xo(N, Ty, T)+ x1(N, T, T}, ), (15

into account. Since it is computationally very expensive to
treat the wave vector resolved microscopic polarizations, alwhere

AN, T,,T)
T(N,T,,T) +[w.+o—ey(T)Il— (N, T,, )]’

Xl(N!Tp!Tlvw): i (16)

For the reasons given in Appendix A, the fitting parametersAppendix of Ref[27]. This susceptibility was then fitted for

Xo. A, T', and & in general depend oiN, T,, andT,. various total carrier densitiés and plasma temperaturés
Next, we also decompose the polarizatiéninto a sum of at a fixed lattice temperatuilg . The only lattice temperature
terms, such thaP(w)=Py(w)+P,(w), where dependence we included was the thermal shift of the band
gap. Since this is the main effect ®f on the susceptibility,
f’o(w)z fonf,Xo(N'Tp TNE(w), (17)  we found that this simplified fitting procedure gave satisfac-
tory results at all relevarni; . Finally, we note that compared
B = eon?x1(N. T Ty, 0)E(w). 18 to the situation discussed in REB1], the fitting procedure in
@)= €oNbxal prTrhw)E(w) a8 our case was complicated by the fact that the free-electron
Fourier transforming these equations into the time domainguantum well gain spectrum is much more asymmetric than
we obtain its many-body counterpart. Since at the same time the appli-
cation for VCSEL modeling requires fitting over a wide fre-
Po(t)= gonkz)XO(N,Tp TDE(), (19 quency range, our fits are not as tight as the ones shown in
Ref. [31], but sufficient for the type of qualitative under-
P,()={—T(N,T. T)+i[w.—e.(T)/A standing aimed at in this article. An improvement of the
O={=T(N.Tp, T) #ilwc—2q(T1) quality of our fits can be expected when many-body effects
— 8(N,T,, T)1}P1(t) —i €on3A(N, T, , TDE(1). are included.
(20)

3. Total carrier density

As discussed in Ref.31], in performing the Fourier trans-
formations, we have neglected the slow time evolution of theOb
fitting parametersy, A, T', andé due to their dependence
onN, T,, andT,. This is a good approximation as long as
these quantities change slowly on the time scale of the in
verse gain bandwidth, which is typically true in semiconduc-
tor lasers.

In the particular application of the effective Bloch equa-
tion approach presented here, we have evaluated the quan-
tum well free-carrier model susceptibility E¢A2) using a
two-dimensional density-of-states including spin degrees of IN= LE T (1—F. ). (21)
freedom for the wave vector summation, as described in the NoVE “

The dynamical equation for the total carrier density is
tained by summing Ed7) over all states and dividing by
the total volume. Following Refl27], we define the total
injected carrier density all,=(1V)Zf, . Due to Pauli
blocking, only a fractiorNy= 7yN, of the injected carriers
reaches the active region, where the density quantum effi-
ciency is defined as
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Making use of Eq(13) and the fact that carrier-carrier scat- - _ _ _
tering processes do not change the total carrier density, we Tp= = 7l Iw(W=Wo) = In(N=No)]
obtain 2m, _ N
—Jwy Am{[fi (0= i72)—eg]P* (DE(D)
e
. i —
N=—7y,(N=Ng)+ —~(P*E—c.c). 22 N 2 _ _
TN~ N+ 3¢ ) 22 —ihP* (E(D)}+ Iy 7 Im(P*E), 27)
Averaging over the longitudinal direction and adding a dif-\yhere[27]
fusion term in order to account for the transverse spatial
dependence we arrive at the final equation for the total car- IN[OW N  IW oN\ 1
rier density Jw= Tpie\ ITy Gra e aTy) (28)
. B W[ OW N dW oN|~*
N=DVZN—y,[N=NoZ pumd X.Y) 1= 7Im(P*E), A I e A
1 ¥l 0 pump( y)l 7 ( ) NN E an EE (ﬂ—p ) (29

(23
andu. is the electronic chemical potential. As in Sec. I B 3,
where D is the ambipolar carrier diffusion constant and We average over the longitudinal direction, add a diffusion
E umdX,Y) is the externally imposed spatial pumping pro- term, and take the pumping profile into account. Further-

file, for instance, due to current confinement. more, we include a phenomenological coupling term be-
tween plasma and lattice temperature due to carrier-phonon

scattering[27] to arrive at the final equation for the plasma

. _ . temperature
In order to obtain a dynamical equation for the plasma

temperature, we first determine an equation for the total elec- T —py2T — 4 (3. [W—W.Z X
tron kinetic energy densitW=(1V)3 ¢ Ne - As detailed P LTo ynidul 0= pumdX,Y)]

4. Plasma temperature

in Ref.[27], this is achieved by multiplying Eq7) by €¢ , —ININ—=NoE pumd X,¥) 1}

summing over all states, and dividing by the total volume. In

analogy to the treatment in Sec. 1l B 3, we definelhe total —Jwé ﬂlm{[ﬁ(wc—i72)—sg]P*E—iﬁP* El
injected electron energy density &8,=(1/V)Z e xfek- i Mg

Again, due to Pauli blocking only the fractiohly= 7yW,, of B
the injected electron kinetic energy density reaches the active +INFIM(P*E) = y(T,—T)), (30)
region, where the kinetic energy density quantum efficiency h

is defined as where the plasma temperature diffusion is assumed to be

governed by the same diffusion constdhtas the carrier

=i2 1ty (24) density diffusion, and is the rate of plasma cooling. In our
W= WV ek eI~ Tek). simulations we find that the dominant contribution to the
plasma heating is due to kinetic energy pumping with Pauli

blocking. However, far above threshold stimulated emission

Since carrier-carrier scattering processes also do not chan . S ; .
the total carrier kinetic energy density, which is related to the%(';:ln be of equal importance. This is in agreement with previ

total electron kinetic energy density simply by a constant’"® studies of carrier heating in microcavity lasgtg].
factor in our model, we obtain _
C. Lattice temperature
. i/1 _ To complete our model, we supplement the above set of
W= —vy,(W—=W,)+ 7 VEk: ,ukse,kp’k*E—c.c. . (25 equations by an entirely phenomenological dynamical equa-
tion for the lattice temperature, nameg®7],

As shown in Appendix A, we can generalize the approach of
Ref.[27] and rewrite the term in the last bracket in order to
obtain a closed set of equations. This leads to

. C
T=D{V2T+ yTgf(Tp—Tn— Ya(Ti—Ta)

. ﬁch+SRj2
e, T oL

(31)

. 2m N —

W= = 7o(W=Wo) = - —Hm{[ /(w1 72) — e ] P* (DE(Y) _ .
e Here,D is the thermal diffusivityC,= dW/JT, andC, are

e the plasma and lattice specific heat capacities, respectively,
—iAP* (OE(D)]}. (26) v, IS the cooling rate towards a fixed ambient temperature

T., Sisthe device are& is the total device resistance, and

We now make a variable transformation to obtain anj=eLy,N, is the current density. The second to last and
equation for the plasma temperatufg [27]. Combining last terms represent nonradiative recombination and Joule

Egs.(22) and(26) yields heating, respectively.
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TABLE |. Parameters used in the VCSEL simulations.

Parameter Symbol Value
Cavity resonance wavelength in vacuum No 870.0 nm
Refractive indices: GaA§phase, GaAs(group, AlyGa sAs Ny, Ng, Neay 3.65, 4.30, 3.50
Index step Any —0.05
Cavity length, quantum well width L, Lyen 248.6 nm, 10 nm
Longitudinal extent of active region Lmn=3Lyen 30 nm
Amplitude reflection coefficient (g 0.9998
Effective coupling constant B 0.09312
Linear thermal index changé&aAs atT,=300 K) ang 4.0<10°4 K !

. . Ty _
Polarization dephasing rate V2 1.0x10% st
Nonradiative carrier recombination rate Yn 1.0x10° s7!
Effective masse$GaAs: electron, hole Mg, My 0.0665n,, 0.4500n,
Zero temperature bandgdpulk GaA9 g4(0) 1.519 eV
Thermal bandgap shift parametéZaAs U1, Uy 5.405<10 % eV /K, 204 K
Dipole matrix element parameter o 5e A
Carrier diffusion constantGaAs D 1.0x10°° m?st
Rate of plasma cooling Y 1.0x10%s71
Thermal diffusivity (GaAs D 1.3055< 10 4 m?s?
Lattice specific heat capacity C 1.7388 JKim™3
Rate of lattice cooling Va 1.0x10¢fs?

Device area S 625 un?

Total device resistance R 1000 O
lll. MODEL SPECIFICATIONS layers in the DBR structure result in an effective index step.
AND NUMERICAL METHODS This transverse index step is taken to he=—0.05, in

accordance with the value given in Rg12], and the loca-

In the choice of our model geometry and the model pation of the index step coincides with the transverse border of
rameters we have tried to remain as true as possible to tiee active region. The oxide aperture also provides current
actual device used in the experiments of R&2]. However, confinement and is believed to lead to highly uniform current
since certain device specifications were not available, wénjection. We therefore assume carrier pumping with a con-
were occasionally forced to resort to generic values. Thetant pumping carrier density, within the transverse extent
specific set of parameters chosen for the numerical impleof the active region and zero outside. Our computational do-
mentation of the equations of Sec. Il is summarized in Tablenain encompasses 52m X 50 um with a spatial grid of
I. Note that although the devices were measured to emit28x 128 points. We are using a spectral method to evaluate
around 850 nnj12], we have fixed the cavity resonance atthe transverse spatial derivatives, hence periodic boundary
870 nm. This discrepancy is necessitated by the fact that weonditions are applied implicitly. However, this is irrelevant
are using the bulk band gap in our optical model, whereasince our computational domain is large enough such that
the active region consists in fact of quantum wells. The enhear its boundary all variables attain spatially constant val-
ergy shift of the lowest-order confined states in a 10-nmues.

GaAs quantum well increases the band gap by several tens of
meV. In order to compensate for the different band gap, we top DBR, reflectivity=0.9998 &
X

intentionally reduced the cavity resonance frequency. B CareTeumBIG

The model geometry is indicated in Fig. 1, which depicts
a cross section in theg-z plane at the center of the device cladding, —
with respect toy. They-z cross section at the center with index | " ™390 1 index
respect tax is identical, with one exception: The lateral ex- guide, guide,
. . A o nc=3.60 , ‘ nc=3.60
tent of the active region and the cladding in thdirection is active region,
taken to be 25um, instead of the 27um used for thex Np=3.65

direction. Viewed from above, this corresponds to a slightly
rectangular active region. The reasons for introducing this
asymmetry are detailed in Appendix B. In the longitudinal
direction, the active medium encompasses three 100-A GaAs
quantum wells, placed in the center of thecavity assumed FIG. 1. Schematic of the device geometry used in our study.
to consist of A} ,GagAs. In Fig. 1, the top and bottom Shown is anx-z cross section ay=0. The various symbols are
DBRs are depicted as black horizontal bars. Within the efexplained in the text and additional parameter values are provided
fective index model24,30, the oxidized high Al content in Table I.

bottom DBR, reflectivity=1.0
27 um
50 um
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The time evolution of the quantities, P, N, T,, and ' , ' '

T, according to the model equations given in Sec. Il is com- 20 -

puted with a split-step operator method. First, the part of the

time evolution mediated by the transverse derivatives in our

model equations is evaluated spectrally, using fast Fourier 10

transforms. The second operator comprises the remainder of

the model equations. Note that the equationsH@ndP —

when considered independent from the remaining equations

— are linear with slowly varying coefficients depending on

the slowly changing variable¥, T,, andT,. Therefore, we

use the following scheme for the second operator: Keeping

N, T,, andT, constant at their previous values during one

time step, we can solve exactly for the next value& aind

P by propagating the coupled equations via multiplication 1 1 1 .

with an exponential of a complex matrix. Since we are using 20 -10 0 10 20

very small time stepsto resolve theP dynamics we need @ X [um]

At=~0.5I";~15 fs), we are making only a small mistake by

holdingN, T,, andT, constant during the propagation Bf

and P (see Ref[43] for more details Simultaneously, we

propagateN, T, and T, to their next values using a first 5

order explicit Euler method, withE and P fixed at their

previous values. For a given set of input parameters, and

starting from some initial conditions, the simulation is per-

formed until the spatial averages of, T,, and T, have

converged to a near constant value. The length of the simu-

lations is hence determined by the longest time constant in r 1

our model, namely, the inverse of the relaxation rafeof

the lattice temperature to the ambient temperature. Since -5 =

1/y,=10 ns, our simulations usually extended over several

tens of nanoseconds. E | ‘ | ‘ | g
-5 0

(b) k, [rad/um]

I
|

y [um]
o
—
|

4L
o
T
I

k, [rad/um]
o
I
|

IV. RESULTS

In this section, we present the results of our model calcu- FIG. 2. Time-averaged near-fiele) and far-field(b) intensities
lations for two different ambient temperatufEsand discuss ~at low ambient temperaturé,=290 K and pumped just above
the dependence on the pumping carrier derfsjty Compar-  threshold N,=3.67x 1924 m~3). The near-field intensitya) ex-
ing our simulations with the experiments of RgL2], we hibits a roll pattern W|th_ a s_patlal wavelength _of apprc_mmately
find qualitative agreement in the near-field behavior jus®-9 #M. The corresponding time-averaged far fie#l consists of

above threshold and the dependence of the dominant |engf)nsymmetric double spot characteristic for a standing wave with a
scales on pumping single wave vector. In both figures, higher intensity values are

shown as darker regions.

A. Low ambient temperature: 290 K a spectral analysis of the time dependence of the spatially

The most striking experimental observation of Réf2]  averaged near field yields a power spectrum with a narrow
is the appearance of a deeply modulated “roll-like” near-single peak. Thus, at threshold our model reproduces very
field intensity pattern just above threshold for low heatwell the single-mode highly divergent emission seen in the
' sink temperatures. In order to investigate this regime, weexperiments.
chose an ambient temperatufg=290 K and varied the As the pumping carrier density is increased from thresh-
pumping density to find the threshold value. A, old in our model, the above simple single-mode lasing state
=3.65x10°* m~3 no steady lasing was observed, but atgives way to multimode behavior and more complex spatial
Np=3.67X 10?* m™2 we find a steady-state lasing solution. field patterns with larger dominant spatial scales. The latter
Figures 2a) and Zb) show a 30-ps time average of the cor- is demonstrated in Fig. 3, where we display the dependence
responding near- and far-field intensities, respectively. Not@f the magnitude,,,, of the dominant wave vector in the far
that the length of intervals for time averages in this papefield as a function ofN,. This increase of the dominant
was chosen such that they encompass several periods of thpatial wavelength of the near-field pattern and the presence
slowest field oscillations. As in the experiment, the time-of multiple frequencies is also in qualitative agreement with
averaged near field consists of rolls and has a transverghe experiments of Ref12].
spatial wavelength of about 0.22m. The time-averaged far The more detailed output field characteristics observed in
field given in Fig. 2b) exhibits a double spot atk{,k,) our model and in the experiments start to deviate further
= (= kmax0) indicating that on average the field is a standingabove threshold. The experiments yield single-mode output
wave inx with negligible spatial structure ip. Furthermore, at 1.05 times the threshold value and the fields predomi-
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FIG. 3. As the pumping density, is increased from threshold @ =20 -0 0 10 20
for T,=290 K, the magnitude of the dominant transverse wave x [um]
vectorka in the far field decreases.
20 -

nantly show structure in a single spatial direction for pump-

ing as high as 1.3 times the threshold value. In contrast, the
emission obtained from our model already has considerable 101 ]
contributions from several modes and shows structure in
both spatial directions at 1.01 times the threshold. Possible
reasons for this difference between experiment and simula-
tions are discussed in Sec. V C below.

y [um]
o
T

B. High ambient temperature: 330 K

Since the experiments revealed a very different behavior [ H B T
of the VCSELs at high ambient temperatures, we repeated 20 -10 0 10 20
our investigations afT,=330 K. Figure 4 displays the ® X [um]
steady-state lasing characteristics near threshold. Here, pan- _ i _
els (@) and (b) show 150-ps time averages of the near-field FIG. 4. Same as Fig.(8), but _at a high ambient temperature
intensity at threshold Np=3.95>: 10243 m~3) and slightly Lalzois?n,ﬁ) a';: J f?tr)) (al”gph‘:;r;p'g%waet :E:E:Eg:g %Pfi'gg
above threshold N, =4.00x 10 m %), respectively. In X107 m~3). At both pumping values the time-average%l near field

comparison to the results at low ambient temperature, ShOWirr]wtensity exhibits large spatial wavelengths of approximately

in Fig. 2(a), it_is very appare_nt that the dominant spatial scalelo pum. The corresponding time-averaged far fields are peaked
of the near fields in Fig. 4 is much larger. Correspondingly,,.ound zero wave vector.

the far field is peaked around zero wave vector. At threshold,
the output field is completely dominated by the fundamental
mode[Fig. 4a)], but slightly above threshold several trans- the model improvements necessary in order to ameliorate the
verse modes are presefftig. 4(b)]. This agrees with the differences.
observation in Ref[12] that near threshold at higher heat ~For a preliminary explanation of their experiments, the
sink temperatures the VCSEL favors emission at small diverauthors of Ref[12] invoked a previous theoretical investi-
gence angles and exhibits multiple frequency components. gation[32] of the space-time dynamics of a homogeneously
We also considered the effects of increased pumping dtfoadened, single-longitudinal-mode, unidirectional ring la-
the higher ambient temperatures. The results we obtained f&€er described by two-level Maxwell-Bloch equations. As
N,=9.00x 10?* m~2 are shown in Fig. 5. In contrast to the shown in Ref.[32], near the lasing threshold the detuning
case of lowefT,, where the dominant spatial scaereased ~Detween the cavity resonance frequency and the peak gain
with N, (see Fig. 3 we find that at higher ambient tempera- frequenc_:y determme; the characteristics of the output field.
tures stronger pumping leads ttecreasedspatial wave- A redshl_ft of the cavity resonance frequency_ relative to the
lengths. However, the highly divergent emission seen at lowp€ak gain frequency results in a stable traveling wave lasing

in Ref.[12]. its frequencymatches the peak gain frequenéys the size of

the redshift is reduced, the value of the transverse wave vec-
V. DISCUSSION tor decreases in _order to maintain the alignment of lasing
frequency and gain peak. On the other hand, in the case of a
In the previous section, we have demonstrated that oublueshift lasingoccurs at the cavity resonance frequency
model exhibits the same qualitative behavior as the experiwith zero transverse wave vector. Note that for any size of
ments in several important aspects. We now proceed to an#he blueshift this constitutes the mode with the lowest pos-
lyze these results in terms of the features of our model, thusible frequency and therefore the maximum gain. To summa-
providing a theoretical interpretation of the experimentallyrize, according to Ref.32], the stable lasing solution corre-
observed behavior. Furthermore, we discuss deviations beponds to the transverse mode whose frequency maximizes
tween the experiment and our simulations, and we indicatéhe gain for a given detuning.
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@) 20 10 x [Sm] 10 20 FIG. 6. Gain spectrumo{—Imy) at low ambient temperature

T,=290 K and pumped just above thresholdN,&3.67
X107 m~3), computed from the Lorentzian fit and using the tem-
poral and spatial averages Nf T,, andT, within the active re-
5L _ gion in order to evaluate the parametess, A, T', &4, andd.
The cavity resonance frequenay, is redshifted with respect to the
gain peak frequency, but lasing occurs at the frequengying,
which lines up exactly with the gain peak.

hence the gain for a given transverse mode depends only
very weakly on its spatial structure. As seen in Fig. 6, at this
ambient temperature the cavity resonance frequaengcys
5 i redshifted with respect to the gain peak frequency, while the
lasing frequencyw),sing — computed from the power spec-
| , | , | R trum of the spatially averaged field — lines up with the gain
5 0 5 peak. Hence, transverse mode selection is entirely due to the
(b) k, [rad/um] frequency criterion established in RER2].
We note that due to index guiding in the native-oxide
FIG. 5. Same as Fig. 2, but at a high ambient temperafyre confined VCSELSs, the steady-state field is a standing-wave
=330 K and for pumping far above thresholdN=9.00 mode[47] instead of one of the traveling-wave lasing solu-
X 10%* m~3). The time-averaged near field intensiig) exhibits  tions treated in Refl32]. The corresponding spatial depen-
smaller spatial wavelengths than near thresiskk Fig. 4 The  dence of the field intensity — which is absent for traveling
corresponding time-averaged far fiel) shows large divergence waves — causes a transverse modulation of the carrier den-
angles, but not nearly as large as for |3y [see Fig. 20)]. sity. However, since the carrier diffusion length (14/m) is
comparable to the spatial wavelength of the field pattern
An influence of the sign of the gain offset on transverse(~0.9 um) diffusion almost completely restores the spatial
mode behavior has indeed already been observed in VCSEIOMogeneity of the carrier density. Furthermore, the trans-

experimentg44,45. In conjunction with the VCSELs well- Verse index guide supports only a finite number of bound
known redshift of the gain peak with temperat(ius], the ~ Mmodes, depending on the size of the index step. This results
an upper limit on the available mode frequencies. To con-

increase of the dominant spatial scale of the near-threshol ! . -
P rm this effect, we performed studies with one transverse

steady-state field pattern with heat sink temperature seen A ; found that f ) dshift the f
the experiments of Ref12] may be expected based on the Imension. We found that for a given redshift the frequency
selection criterion of Refl.32] cannot be satisfied when the

fchelora/_ of Rr?f'[3?];|' Howe]cvgr,da morg_comprllete desclz_nptlor; magnitude of the index step is reduced below a critical value.
Including the effects of Index-guiding, the coupling of \ypije the theory of Ref[32] applies strictly only for
plasma and lattice temperatures, and spatial hole buming —jng1e-mode behavior near threshold, our model calculations
such as provided by our VCSEL model — is necessary tQeyea| that at low ambient temperatures its predictions re-
reproduce the experimentally observed dependence omain qualitatively valid even under multiple-mode operation
pumping. above threshold: With increasing pumping the dominant las-
ing frequency remains near the gain peak, as exemplified by
A. Low ambient temperature: 290 K Fig. 7. Within our model, stronger pumping causes a rise of
The behavior at threshold for low ambient temperaturesthe lattice temperature and results in a f?’dSh'“ of the gain
. peak. Hence, for lasing to occur at the gain peak frequency,
comes closest to being fully captured by the theory of Ref: . . ;
. X . ; .~ smaller transverse wave vectors are required. This explains
[32]. Here, lasing occurs in a single mode with well-defined,, ™ ; ; ]

. . the increase of the dominant spatial wavelength with pump-
wave vector and frequency. In Fig. 6 we show the gain SP€Gng demonstrated in Fig. 3 and observed in the experiments
trum for T,=290 K andN,=3.67x10** m~3, evaluated 9 9: P '
from our Lorentzian fit fory(w,N, Ty, T)) using the temporal
and spatial average values Nf T,, andT, within the ac-
tive region. This procedure is well justified, sindg T,, At higher ambient temperatures, we encounter a different
and T, are nearly constant throughout the active region andgituation. The small wave vector standing waves present near

k, [rad/um]
o
T
<
|

B. High ambient temperature: 330 K
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1.01 4 nant lasing frequency is red-shifted considerably from the
cavity resonance. This is simply a consequence of thermally
induced index changes included here, but not considered in
Ref. [32]: The higher lattice temperature within the active
region enhances the index guide, which results in a redshift
of all transverse mode frequencies. Even with this redshift
included, the frequency of the fundamental mode maximizes
the active-region averaged gain. Hence, again the transverse
mode selection at threshold is in accordance with the fre-
guency criterion of Ref[32].

Slightly above threshold, multimode emission is ob-
served, both in our simulationsee Fig. 4b)] and in the

FIG. 7. As the pumping densith, is increased from threshold €Xperiments. Since the frequency spacing between adjacent
for T,=290 K, the dominant frequency in the steady state fieldiransverse modes is small at near-zero wave vectors, so are
(crossesremains close to the gain peak frequeltciycles. the differences in gain. It is therefore not SUrpriSing that sev-
eral transverse modes are simultaneously above threshold. In
order to understand the observed outcome of the competition
"hetween these modes for the available gain, we have exam-
ined a strongly simplified version of our model. Assuming

S . .
L o . that only the fundamental and first excited transverse
spatial inhomogeneities in the carrier densiyd the tem- mode are above threshold, we write the total field as a

peraturestranslate into a spatial dependence of the SUSCeR:. superposition E(x,y-t)=c,(t)E;(x.y)exp(iaws)

tibility. Hence, the effective gain for a given transverse mode . .
depends not only on the mode frequency, but also on théLCQ(t)EZ(X’y)eXp( lwgt), where the complex coefficients

. : ' are slowly varying andk;(x,y) denotes the normalized mode
overlap of the mode pattern and the spatial gain profile. . ! : .
A preliminary understanding of the transverse mode bepatterns. Neglecting the slow time dependence, ahdN in

havior can still be gained from considering the gain spectrungeggcrj?;mg Olzlgﬁgstriot;ansformatlons, we arrive at the corre-
evaluated at the active-region averagesNof T,, andT,. P ap

W/,

1.00

1.0 15 20 2.5
N,/N

p.threshold

threshold result in transverse modulations of the carrier de
sity on very large spatial scaless(L0 wm), such that diffu-
sion can no longer restore the spatial homogeneity. The

Accordingly, Fig. 8 shows—Im(y) for T,=330 K at P(X.V't)= ean2 N)CL (D E+(X.V)exn —i it
threshold N,=3.95<10** m~3). In contrast to the low- (Y= eoMl x(w1,N)ea(OEL(xy)exp(=Twsl)
temperature case depicted in Fig. 6, the cavity resonance + x(w2,N)Co () Es(X,y)exp —iwst)].

frequency is blueshifted from the gain peak frequency. Un-
der these circumstances, the theory of R82] predicts the In the absence of carrier diffusion and for constant and ho-
mode with the lowest frequency as stable lasing solution. Fomogeneous temperatures, the susceptibility depends on space
periodic boundary conditions, this corresponds to the zerenly  through the mode intensities: x(w;X,y)

wave vector mode, whose frequency matches the cavity rese= x(;|c1E1(X,y)|?,|c2E(X,y)|?). Here, we have omitted
nance 32]. Due to the finite extent of the index guide, in our terms containing the beat frequency between the modes,
model a homogeneous zero wave vector solution is not posvhich average to zero over the carrier relaxation time scale.
sible. Instead, the fundamental mode — corresponding to theor small intensities, we can approximate

index-guided mode with the smallest wave vector and there-

fore the smallest frequency— dominates the field pattern at x(@i:X.y)~x" (@) +x® (o) x'(w1)|ciEL(x,y)|*
threshold, as can be clearly seen from Fi@) 4We note that 1 2

although it is still blueshifted from the gain peak, the domi- X P@2)|coEx Y[,

We furthermore assume that the susceptibility is purely

005 AL imaginary, i.e., we neglect carrier-induced refractive index
I i i changes. Considering the projection of the dynamical equa-
0.04/ § | tion for the total field onto the two modes, we obtain coupled
| ordinary differential equations for the mode amplitudes,
2 0.03 I namely,
E ; )
" 0.02f ; . .
I | 1= a1Cy— (BrdlCe|*+ Brdco|Dey, (32
0.01} Ousogf O - , , ,
- . Co= azC— (B2l C1|*+ BadlCal *) Co. (33
0.00 N R R LN
0.985 0.990 0.995 1(1;32)0 1.005 1.010 1.015 In these equationsg;>0 is the difference between linear

gain and loss for mode (i=1,2), B;;>0 is the self-

FIG. 8. Same as Fig. 6, but fo,=330 K and N, saturation coefficient, ands;>0 (i#]j) is the cross-
=3.95<10* m~3. The cavity resonance frequeney, is blue-  Saturation coefficient. The exact same pair of equations has
shifted with respect to the gain peak frequency, while the lasindoeen discussed in the context of homogeneously broadened
frequencywiusing lies between the gain peak and the cavity reso-two-level atomic laserf48]. The single-mode and two-mode
nance. steady-state solutions of these equations are readily obtained.
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As shown in Ref[48], their linear stability is governed by sized earlier, the inclusion of many-body effects is in prin-
the relative size of the self- and cross-saturation coefficientgiple very straightforward within the effective Bloch equa-
In our case, these coefficients depend on overlap integrals @bn approach. However, in order to obtain the Lorentzian
the squares of the mode patterns. Using the Cauchyfitting parameters over a wide range of carrier densities,
Schwartz inequality, it is straightforward to show that plasma and lattice temperatures, a large number of numeri-
B1aBxa=B11B2, is always satisfied. As a consequence, thecally intensive many-body gain calculations are necessary
only stable solution is characterized by the presence of botefore the simulations can be performed. This aspect of im-
modeg/48]. Based on the analysis of this simplified situation nroying our model is also in progress.

we conclude that the carrier-density mediated dependence of Finally, the relaxation of the lattice temperature towards

the gain on the field intensity — in other words, spatial holey,q 4mpjent temperature is assumed to be described by New-
burning — is responsible for the observed multimode behavfon,s law of cooling[see Eq(31)]. It is not clear that such a

lor In our full mo.del near threshold. simplified approach is indeed valid. Moreover, the corre-
Finally, we discuss the dependence of the steady-state . . .
field patterns on pumping at high ambient temperatures. Aspondmg t.empe.rature relaxation rate will strongly d_epend on
the pumping is increased, the coupling between plasma an e specific dey|ce georr_1etry anq can only be est|matec_j. .In
lattice temperatures leads to an even larger redshift of th € fu.tute, we intend tp |n§tead mcorporate a more realistic
gain peak relative to the cavity resonance frequency. Accor description of the longitudinal lattice temperature transport.
ing to the theory of Ref[32], we would therefore expect
lasing to continue to occur preferentially in the fundamental VI. SUMMARY
mode. This is indeed the case, but several larger wave-vector
modes also appear in the output field, as shown in Fig. 5. A&)
these higher pumping values many transverse modes a
above threshold. Hence, an analysis similar to that present

in the previous paragraph, complicated by the presence 9Erent ambient temperatures, this model qualitatively repro-

multiple, nondegenerate m_o_des, wou!d be necessary 0 Ulkiices the near-field behavior just above threshold as well as
derstand the mode competition behavior. Such an analy3|3{ e dependence of the dominant length scales on pumping

tbheyond ':he _sctope IOf t?lfhpaper. Nevir'ihelessk;.;/ve e\.’il.uit en in recent experiments with large-aperture native-oxide
€ overlap integrals of the squares of two arbitrary INNIEq, 1,04 VCSELS[12]. An analysis of the results of our

index step Wa}vegy|de mode patterns a}nd found that the integ j ations in terms of the features of our model provides a
grals appearing in the cross-saturation terms are alway;

ler than th ding int Is in th If-saturati theoretical interpretation of the experimental behavior.
smaller than thé corresponding integrals in the self-saturation ;¢ specifically, alow ambient temperatures and near

fhreshold, highly divergent single-mode emission is observed
®hoth in the experiments and in our simulations. Within our
model, this regime is characterized by a considerable redshift
of the cavity resonance frequency relative to the peak fre-
quency of the gain, where the latter is evaluated at the tem-
The most significant discrepancy between the experimerporal and spatial averages of carrier density, plasma, and
tal results and our simulations occurs at low ambient temiattice temperatures. As predicted by a theory for homoge-
peratures. As discussed in Sec. IV A, at pumping as low aseously broadened, single-longitudinal-mode, unidirectional
1.01 times the threshold value our model yields multimodering laserd32], under such circumstances stable single-mode
steady-state fields having comparable large wave vectors iemission at large transverse wave vectors occurs and the las-
both transverse directions, while the experiments shoving frequency lines up with the gain peak. The applicability
single-mode lasing with large wave vectors in only oneof this theory to index-guided VCSELSs is in this case justi-
transverse direction for pumping up to 1.05 times the threshfied by the fact that diffusion compensates the short wave-
old value. Since the experiments also show that the linealength modulation of the carrier density and plasma tempera-
polarization is aligned with the persisting “rolls,” we feel ture caused by the spatial variation of the standing wave field
that this discrepancy can only be resolved by incorporatingntensity, thus restoring the spatial homogeneity of the sys-
the vectorial nature of the field. Efforts in this direction aretem. As the pumping is increased at these low ambient tem-
already under way. Moreover, once one accepts the fact thaeratures, the dominant spatial wavelength of the steady-
the modes with large wave vectors in only one transversstate field pattern becomes larger. Our model demonstrates
direction are favored, it is easier to understand why the lowthat this behavior is caused by the coupling between thermal
ambient temperature experiments yield single-mode lasingffects and optical properties: Stronger pumping increases
up to larger pumping values: The frequency spacing betweethe lattice temperature and therefore results in a redshift of
these modes is significant, hence the mode discriminatiothe gain spectrum. Hence, for lasing to continue to occur at
according to frequency is very strong. This is in stark con-the gain peak frequency, increasingly smaller transverse
trast to the high ambient temperature situation discussed iwave vectors are required.
Sec. VB. Near threshold, the measured steady-state field patterns at
While our model qualitatively captures the main trendshigh ambient temperatures exhibit multimode behavior and
seen in the experiments, obviously a more quantitative analyare dominated by near-zero wave vectors. Again, our model
sis would require a description of the optical properties thateproduces these results. In this regime, the field-induced
goes beyond the free-carrier model used here. As emphanodulation of the carrier density and the plasma temperature

We have introduced a dynamical VCSEL model that ac-
unts for the intricate coupling between thermal effects and
Bptical properties and includes the important transverse
ode selection mechanism due to gain dispersion. For dif-

is the governing mechanism for the observed multimode b
havior at increased pumping.

C. Discrepancies and possible model improvements
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are on a large spatial scale, such that diffusion can no longer =~ APPENDIX A: DERIVATION OF THE PLASMA
restore the spatial homogeneity. Nevertheless, using the gain TEMPERATURE EQUATION

spectrum evaluated at the temporally and spatially averaged
carrier density and temperatures provides fundamental in[—h

sight Hr(]are, the cavlity rzsonan((:je s str%nglz blues?igg;] relaI_:irs'[ we invoke the quasiequilibrium approximation in Eq

tive to the gain peak and according to the theory o ' . . S C

lasing in the lowest frequency mode is expected. With the(.6)’ replac[?g'the carrier <.j|str|but|on$a,k. by qua3|eqU|.I|b
rium Fermi-Dirac distributions, . Ignoring the slow time

observed domination of the fundamental mode, this predic(—j q f the Fourier t f nto the f
tion is substantiated. However, due to the spatial inhomoge=cPendence or g, ., we Founer transtorm into the ire-
ency domain and solve for the envelope polarizations.

neity of the system transverse modes are discriminated n

This appendix provides more details of the derivation of
e plasma temperature equation implemented in this paper.

only according to their frequency, but also according to their his yields

spatial mode patterns. Within a simplified model we show _ (1= for—fhe) =

that the interplay of self- and cross-saturation of modes pr(w)= : — E(w). (A1)
A (wx—we—w)—iy,]

caused by spatial hole burning is responsible for the multi-

mode emission seen near threshold. The same mechanismNgte that using the definition of the total polarization Eqg.

argued to be at work at higher pumping levels, encouraging13) we immediately obtain the susceptibility within the free-

the appearance of higher-order modes. This explains the dearrier model as

crease of the dominant spatial wavelengths with increased )

pumping, which are obtained in the experiments and in our (0)= 1 | 21— Fe = F)

simulations. X Veni % il (w— we— ) —iya]’
Our studies have provided an understanding of the physi-

cal origin of the highly divergent emission seen in broad-ared he Fermi-Dirac distribution$, x depend on the total carrier

selectively oxidized VCSELs at low ambient temperaturesdensityN and the plasma temperatufg, while the optical

At the same time, they also indicate a possible approach fdfansition frequencyw, depends on the lattice temperature

the suppression of these high-order transverse modes fdn- Therefore, the susceptibility is in general a function of

high-power applications that require a narrow beam. Agll these quantities and the fitting parameters used within the

mentioned in Sec. V A, the size of the index step imposes afffective Bloch equation approach of Sec. I B 2 have to re-

upper limit on the transverse wave vectors supported by th#iect this dependence.

index guide. Since the effective index step is determined by We can now use the expression for the microscopic po-

the thickness and the placement of the oxide layer in théarization Eq.(A1) in Eq. (25). For this purpose, we Fourier

VCSEL structurd 10], this effect could be utilized to control transform the latter equation into frequency space and con-

(A2)

the maximal divergence angle. sider only the terms in the last bracket. The product of the
time-dependent quantitigs; and E under Fourier transfor-
ACKNOWLEDGMENTS mation becomes a convolution, namely,
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ool Ao e (A—fop—frid= = )
fﬁx dw e V; A (o o) i 74] E*(w)E(w—w'). (A4)

Subtracting and adding(w.+ w—iv,) in the numerator under the sum, this simplifies to

+oo m |1 e =
J dw'ﬂVE |21 fe = fr E* (0)E(0— ')
— o0 e k

. 1 |Mk|2(1—f k~ fn
+[h(wc+ 0=i72) —egly 2 -

k h[(wk—wc—w>+iyz]E*(“’)E("’_"")]' (A9

Using Egs.(Al) and(13), we obtain

te ome| 1 - - i - -
fxdw'ﬂvg |uk|2<1—fe,k—fh,k>E*<w>E<w—w')+[h<wc+w—ln)—sg]P*(w)E(w—w')J. (A6)

r
e
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and transforming back into the time domain yields

m,

1 _ _ =
e v [ fes= fn [EOI + (e =i v2) ~2glP* (DE(D) ~iAP* (DE() (A7)

Inserting this back into Eq25), we note that the first term is [12]. (i) The favoring of a particular linear polarization seen
real and therefore vanishes under subtraction of the complek the experiments can also be caused by crystal strains in-

conjugate. This leads to E(R6). troduced during growth and processirid]. For instance, in
Ref.[50] it was reported that all the circular VCSELSs from a
APPENDIX B: RECTANGULAR VERSUS SQUARE given wafer were lasing in the same dominant polarization
MODEL GEOMETRY state. Therefore, crystal strains are a source of spatial asym-
metry as well.

Nominally, the VCSELSs used in the experiments of Ref. L . L
[12] have a square geometry. However, there are at least two Co!’15|der|ng the above pomts, we argue thaF itis in fact
physical mechanisms that can destroy an intended squal€"y likely that the actual device symmetry deviated from a
spatial symmetry(i) The fabrication of an index guide via perfgct square. Thelmost straightforward way to mcIud_e this
selective oxidation may introduce a geometrical asymmetrySPatial asymmetry in our model was the use of a slightly
This was demonstrated impressively in R@f9] where the €ctangular active region, as detailed in Sec. lIl. As for the
authors deduced the transverse dimensions of a supposediige of thex-y mismatch, we chose a value that is of the
square VCSEL from the measured subthreshold emissiof@me order as that mentioned undier However, we note
spectrum and found a 20% mismatch betweenxttendy  that both of the above symmetry-breaking mechanisms ex-
extents. This type of cavity asymmetry would favor a par-hibit themselves through the selection of a preferred linear
ticular linear polarization for a large range of pumping val- polarization. Therefore, a fully satisfactory treatment of the
ues[50], which is indeed the case for the experiments of Refasymmetry would require a vectorial approach to the field.
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