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Modeling the interplay of thermal effects and transverse mode behavior
in native-oxide-confined vertical-cavity surface-emitting lasers

T. Rössler, R. A. Indik, G. K. Harkness,* and J. V. Moloney
Department of Mathematics, University of Arizona, Tucson, Arizona 85721

C. Z. Ning
NASA Ames Research Center, T27A-1, Moffett Field, California 94035-1000

~Received 9 April 1998!

We present a microscopically based vertical-cavity surface-emitting laser~VCSEL! 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 measuredincreaseof
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.
@S1050-2947~98!02410-X#

PACS number~s!: 42.55.Px, 42.55.Sa, 42.60.Jf
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I. INTRODUCTION

Narrow circular beam divergence, single longitudin
mode operation, and dense two-dimensional packing cap
ity are listed as the most advantageous characteristic
vertical-cavity surface-emitting lasers~VCSELs! in a 1988
review article@1# on the topic of surface-emitting semicon
ductor lasers. A very recent review@2# reiterates these point
and highlights the advances in VCSEL design, fabricati
and performance achieved in the past decade. The fact
recently an entire conference@3# was dedicated to this par
ticular optoelectronic device establishes most convincin
the technological importance VCSELs have gained. VCSE
are already being used commercially for high-spe
medium-distance data links, and potential future applicati
encompass areas as diverse as optical storage, print h
and bar-code scanners@4#.

To a large extent, the use of selective oxidation of h
aluminum content AlxGa12xAs layers in the VCSEL struc
ture @5,6# — to provide both current and optical mode co
finement — is responsible for the great improvements
VCSEL performance in the last several years@6–11#. These
so-called ‘‘selectively oxidized’’ or ‘‘native-oxide confined’
VCSELs have thus attained a prominent status in the fi
and a thorough understanding of their properties is desira
Of particular interest for high-power applications is the p
tential for scaling to broad-area devices. In this context,
important role of thermal effects in the formation of tran
verse field patterns has been demonstrated by recent ex
ments @12# with large-aperture native-oxide confine
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VCSELs. Pumped just above threshold at an ambient t
perature of 290 K, a 25mm3 25 mm VCSEL exhibits
highly divergent off-axis emission in a single mode, and t
near field is characterized by parallel stripes correspondin
alternating regions of high and low intensity with a tran
verse spatial wavelength of'1 mm. With increasing pump-
ing, this gives way to multimode behavior and more comp
spatial field patterns withlonger dominant wavelengths. In
contrast, at larger ambient temperatures the measured n
threshold field exhibits multimode behavior and is domina
by large spatial scales thatdecreasewith increasing pump-
ing.

Clearly, a rigorous modeling of these phenomena pos
challenging task by requiring a simultaneous treatment
thermal effects and transverse mode behavior. Moreover
high-order transverse modes seen in the experiments ha
be included, and the femtosecond time scale of the polar
tion dynamics needs to be resolved in order to account
mode discrimination via gain dispersion. Several differe
types of models for VCSELs have already been discusse
the literature. Some of them@13–17# are predominantly con-
cerned with the thermal aspects of VCSEL operation, wh
others@18–22# mostly concentrate on transverse mode b
havior. Of the latter models, all employ a transverse mo
decomposition of the electric field, including at most thr
modes. To our best knowledge, only the models presente
Refs. @23–26# seriously address both issues simultaneou
However, Refs.@23# and @26# lack concrete results for the
full models, while the applicability of the otherwise excelle
model of Ref.@24# is restricted to small-area VCSELs, sinc
it relies on an expansion of the electric field in a small nu
ber ~five! of transverse optical modes. Similarly, in Ref.@25#
only two modes are taken into account. Moreover, the
sumed linear carrier density dependence of the optical g
restricts the validity of the model to the vicinity of th
s,
3279 © 1998 The American Physical Society
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3280 PRA 58RÖSSLER, INDIK, HARKNESS, MOLONEY, AND NING
threshold and gain dispersion is not included.
We have previously established a VCSEL model@27# that

employs a self-consistent approach to thermal effects.
temperatures of the plasma (Tp) and the lattice (Tl) are dis-
tinguished and treated as dynamical variables, coupled to
optical field, polarization, and carrier density. Pumpin
stimulated emission, and relaxation towardsTl determine the
evolution of Tp . In turn, theTl dynamics are governed b
coupling toTp , ohmic heating, nonradiative recombinatio
and relaxation towards a fixed ambient temperature. Incr
ing Tl causes band-gap shrinkage, which directly affects
optical properties by redshifting the gain spectrum. T
model exhibits the output power switchoff at stronger pum
ing typical in VCSELs@27#, offers plasma heating as a m
croscopic justification of intensity-dependent gain in sem
conductors@28#, and predicts bistable operation of VCSEL
at low ambient temperatures@29#.

In order to model broad-area selectively oxidiz
VCSELs, three important extensions have been made:~i! We
allow for an arbitrary two-dimensional transverse spatial
pendence of the optical field in the active region—not re
ing on a modal expansion;~ii ! we include a spatially varying
transverse refractive index profile, motivated by the effect
index model@24,30#; and~iii ! we account for gain dispersio
by treating the polarization dynamics within an effecti
Bloch equation approach@31#. Although we are restricting
ourselves to the free-carrier model in this paper, we wo
like to note that the latter method greatly facilitates the
corporation of many-body effects. Applying this improve
VCSEL model to the type of device studied in Ref.@12#, we
obtain qualitative agreement with the experiments in the
lowing main points:~i! At a low ambient temperature an
just above threshold the model exhibits highly diverge
single-mode emission. As the pumping is increased, las
occurs in several modes atsmaller transverse wave vectors
~ii ! In contrast, at a higher ambient temperature and
above threshold the steady-state field is dominated by s
transverse wave vectors. With increasing pumping,larger
transverse wave vectors appear, but the highly divergent
axis emission seen at low temperatures is not observed.

Within our model, this behavior is readily explained:~i!
Near threshold, the low ambient temperature regime is c
acterized by a pronounced redshift of the cavity resona
frequency relative to the gain peak frequency. We find tha
such a case a laser with a sufficiently strong transverse in
guide will select the standing wave lasing solution with fin
transverse wave vector emitting at the gain peak freque
in generalization of earlier results for traveling waves in u
directional ring lasers@32#. Increased pumping raises th
temperature of the gain medium, which results in a reds
of the gain spectrum and thus a reduced gain offset. La
still occurs preferentially at the gain peak frequency, he
stronger pumping leads to lasing atsmaller transverse wave
vectors.~ii ! At larger ambient temperatures, the redshift ju
above threshold is reduced significantly or can even turn
a blueshift. In such a case, lasing occurs at near-zero w
vectors, again in accordance with the theory of Ref.@32#.
Fields with such small wave vectors cause large-scale tr
verse modulations of the carrier density and the temperat
that can no longer be smoothed by diffusion. The result
spatial hole burning leads to multimode emission atlarger
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transverse wave vectors with increased pumping.
The general equations constituting our VCSEL model

introduced in the following section. Section III then specifi
the geometry and the parameters for the particular mo
considered in this paper. Our results are presented in Sec
discussed in Sec. V, and the paper is summarized in Sec
Two appendices provide additional details about the der
tion of our model equations and our choice of model geo
etry.

II. MODEL EQUATIONS

In this section, we present the basic equations of
VCSEL model. First, we formulate the dynamics of the sc
lar electric field within the slowly varying envelope approx
mation. The general treatment presented here includes e
nally imposed index guiding as well as thermally induc
index changes. The dynamics of the total carrier density
total carrier kinetic energy density are derived from the se
conductor Bloch equations within the free-carrier model, f
lowing Ref. @27#. In contrast to this earlier treatment, how
ever, the polarization is not adiabatically eliminated. Inste
we apply the effective Bloch equation approach detailed
Ref. @31#. This allows us to include the total polarization as
dynamical variable, thus accounting for gain dispersi
Since it merely requires a Lorentzian fit of a given measu
or calculated susceptibility, the effective Bloch equation a
proach is well suited for the inclusion of many-body effec
@31#. However, in this first version of our VCSEL model w
are restricting ourselves to the free-carrier case, leaving
numerically expensive many-body susceptibility calculatio
at numerous densities and temperatures to a future impro
model. Generalizing the treatment of the carrier kinetic e
ergy dynamics from Ref.@27# and transforming to a tempera
ture description, we arrive at a closed set of equations for
electric field, total polarization, total carrier density, an
plasma temperature. Finally, this set is supplemented b
phenomenological equation for the lattice temperature.

A. Scalar field equation

A complete description of the electric field in a VCSE
would have to account for its vector nature. Although suc
rigorous approach has recently been used to obtain the c
cavity vectorial eigenmodes of an air-post VCSEL@33#, it
would be difficult to include such a treatment in a realis
dynamical VCSEL model~for additional comments, see Re
@34#!. In order to avoid these complications, and since
emphasis of this paper is not on polarization effects, we tr
the electric fieldE as a scalar quantity. However, in the com
parison between the results of our model and the experim
of Ref. @12#, we will return to this point. We furthermore
assume that the space and time dependence of the ele
field is given by

E~x,y,z;t !5Ē~x,y,z;t !exp~2 ivct !1c.c.

[E~x,y;t !sin~kcz!exp~2 ivct !1c.c. ~1!

The fast time dependence is governed by the cavity re
nance frequencyvc and E(x,y;t) describes the complex
field envelope, which varies slowly in time and in the tran
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PRA 58 3281MODELING THE INTERPLAY OF THERMAL EFFECTS . . .
verse spatial directionsx andy. The assumption of a stand
ing sinusoidal wave spatial dependence on the longitud
direction z @27# is motivated by two well-known characte
istics of VCSELs:~i! Their short cavity guarantees sing
longitudinal mode operation, and~ii ! the use of distributed
Bragg reflectors~DBRs! as mirrors results in a very hig
finesse cavity. This simplification is akin to the mean fie
limit ubiquitous in solid state and gas laser theory. In su
lasers, the justification of that approach for Fabry-Pe´rot-type
cavities is usually difficult due to longitudinal hole-burnin
effects, while it is straightforward in quantum well VCSEL
where the longitudinal extent of the active region is sm
compared to the longitudinal wavelength. The longitudin
wave vector is related to the cavity resonance frequency

vc5
c

ncav
kc , ~2!

where c is the speed of light in vacuum andncav is the
predominant refractive index in the cavity.

Within the slowly varying envelope approximatio
@27,31,38#, the time dependence of the field envelope is g
erned by

Ė5
ic2

2vcnbng
¹'

2 E2kE1
ivc

2e0nbng
b

Lm

L
P

1
ivc

ng
FDnb~x,y!1

]nb

]Tl
~Tl2T0!GE. ~3!

Here,nb andng are the reference phase and group refrac
indices of the active material in the quantum well. The fi
term on the right hand side represents transverse diffrac
where¹'

2 is the transverse Laplacian. The term proportio
to k accounts for cavity losses, which are assumed to be
to the mirrors only. We define@27#

k[
c

2Lncav
lnS 1

r m
D , ~4!

whereL is the length of the cavity andr m is the amplitude
reflection coefficient of the emitting end of the VCSE
while the other end is assumed to be totally reflecti
P(x,y;t) is the slowly varying complex envelope of the tot
polarizationP(x,y,z;t) in the active material, i.e.,

P~x,y,z;t !5 P̄~x,y,z;t !exp~2 ivct !1c.c.

[P~x,y;t !sin~kcz!Q~0.5Lm2uzu!

3exp~2 ivct !1c.c., ~5!

whereQ(x) is the Heaviside function ensuring that the p
larization is nonzero only within the longitudinal extentLm
of the active medium. Note thatLm can encompass sever
quantum wells. The corresponding term in Eq.~3! represents
the coupling between the field and the active medium, wh
e0 is the permittivity of vacuum,b is an effective coupling
constant@27#, andLm /L is a geometric confinement facto
Index guiding is included via the second to last term on
right-hand side, whereDnb(x,y) is the spatial deviation o
the refractive index fromnb . Finally, thermally induced in-
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dex changes are described by the last term, whereTl is the
lattice temperature and]nb /]Tl is the change ofnb with
temperature measured at a reference temperatureT0 .

B. Carrier dynamics

1. Semiconductor Bloch equations

The equations for the carrier-field interaction are deriv
from the semiconductor Bloch equations for the wave vec
resolved envelope polarization variablespk and carrier dis-
tributionsna,k @27,31,39,40#

ṗk52@g21 i ~vk2vc!#pk2 iVk~ne,k1nh,k21!, ~6!

ṅa,k5La,k2gnna,k2g1~na,k2 f a,k!1 i ~Vkpk* 2c.c.!,
~7!

wherea5e,h denotes electrons and holes,g2 is the polar-
ization dephasing rate, andgn is the nonradiative carrie
recombination rate.g1 is the carrier-carrier relaxation
rate towards quasiequilibrium Fermi-Dirac distributio
f a,k , characterized by a total carrier densityN
5(1/V)(k f e,k5(1/V)(k f h,k and a plasma temperatureTp .
In the free-carrier model, the optical transition energy
given by

\vk[«g~Tl !1«e,k1«h,k[«g~Tl !1
\2k2

2me
1

\2k2

2mh

[«g~Tl !1
\2k2

2mr
, ~8!

whereme , mh , andmr are the effective electron, hole, an
reduced mass, respectively, while«g is the band gap, which
depends on the lattice temperatureTl via @41#

«g~Tl !5«g~0!2
v1Tl

2

Tl1v2
, ~9!

where «g(0), v1 , and v2 are material parameters. Withi
the free-carrier model, the Rabi frequency is given by

Vk5
1

\
mkĒ~ t !, ~10!

wheremk is the dipole matrix element, which can be writte
as @39,40#

mk5m0

«g

\vk
, ~11!

with a material-dependent parameterm0 . Finally,

La,k5gnf̄ a,k~12na,k! ~12!

represents the pumping by carrier injection, wheref̄ a,k are
Fermi-Dirac distributions at the lattice temperatureTl , since
the injected carriers can be assumed to be in equilibr
with the lattice, while the factor (12na,k) describes the
Pauli blocking of the injected carriers@27,40#.
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2. Polarization dynamics

The polarization dynamics has a femtosecond time s
— much faster than the dynamics of the electric field and
carrier distributions — and can often be assumed to ad
instantaneously on the time scale of the latter processes.
adiabatic elimination of the polarization is realized by sett
the time derivative of the microscopic polarizations in E
~6! to zero. Pursuing this approach, one eventually arrive
the model equations presented in Ref.@27#. However, by
ignoring the time dependence of the polarization, one eli
nates the frequency dependence of the gain — the gain
persion — which provides an important means for mo
selection, as will be shown below. Moreover, as discusse
Ref. @32#, including transverse diffraction of the optical fie
while adiabatically eliminating the polarization can result
an ill-posed mathematical problem, as exhibited numeric
by grid-scale instabilities.

For a more complete description, instead of adiabatic
eliminating the polarization, one should take its dynam
into account. Since it is computationally very expensive
treat the wave vector resolved microscopic polarizations,
er
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ternatively an effective Bloch equation approach has b
derived for semiconductor lasers@31#. The total polarization

P̄5
1

V(
k

mk* pk ~13!

is related to the electric field in the frequency domain via

P̃~v!5e0nb
2x~v!Ẽ~v!, ~14!

where we have dropped the sinusoidal longitudinal dep
dence, since it is assumed to be the same for polarization
field. Here,F̃(v) indicates the Fourier transform of a qua
tity F(t). In the most basic version of the effective Bloc
equation approach, the calculated or measured susceptib
is fitted by a frequency-independent ‘‘background’’ cont
bution and a single Lorentzian

x~v!5x0~N,Tp ,Tl !1x1~N,Tp ,Tl ,v!, ~15!

where
x1~N,Tp ,Tl ,v!5
A~N,Tp ,Tl !

iG~N,Tp ,Tl !1@vc1v2«g~Tl !/\2d~N,Tp ,Tl !#
. ~16!
r
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For the reasons given in Appendix A, the fitting paramet
x0 , A, G, and d in general depend onN, Tp , and Tl .
Next, we also decompose the polarizationP into a sum of
terms, such thatP̃(v)5 P̃0(v)1 P̃1(v), where

P̃0~v!5e0nb
2x0~N,Tp ,Tl !Ẽ~v!, ~17!

P̃1~v!5e0nb
2x1~N,Tp ,Tl ,v!Ẽ~v!. ~18!

Fourier transforming these equations into the time dom
we obtain

P0~ t !5e0nb
2x0~N,Tp ,Tl !E~ t !, ~19!

Ṗ1~ t !5$2G~N,Tp ,Tl !1 i @vc2«g~Tl !/\

2d~N,Tp ,Tl !#%P1~ t !2 i e0nb
2A~N,Tp ,Tl !E~ t !.

~20!

As discussed in Ref.@31#, in performing the Fourier trans
formations, we have neglected the slow time evolution of
fitting parametersx0 , A, G, andd due to their dependenc
on N, Tp , andTl . This is a good approximation as long a
these quantities change slowly on the time scale of the
verse gain bandwidth, which is typically true in semicondu
tor lasers.

In the particular application of the effective Bloch equ
tion approach presented here, we have evaluated the q
tum well free-carrier model susceptibility Eq.~A2! using a
two-dimensional density-of-states including spin degrees
freedom for the wave vector summation, as described in
s

n,

e

-
-

an-

f
e

Appendix of Ref.@27#. This susceptibility was then fitted fo
various total carrier densitiesN and plasma temperaturesTp
at a fixed lattice temperatureTl . The only lattice temperature
dependence we included was the thermal shift of the b
gap. Since this is the main effect ofTl on the susceptibility,
we found that this simplified fitting procedure gave satisfa
tory results at all relevantTl . Finally, we note that compare
to the situation discussed in Ref.@31#, the fitting procedure in
our case was complicated by the fact that the free-elec
quantum well gain spectrum is much more asymmetric th
its many-body counterpart. Since at the same time the ap
cation for VCSEL modeling requires fitting over a wide fr
quency range, our fits are not as tight as the ones show
Ref. @31#, but sufficient for the type of qualitative unde
standing aimed at in this article. An improvement of t
quality of our fits can be expected when many-body effe
are included.

3. Total carrier density

The dynamical equation for the total carrier density
obtained by summing Eq.~7! over all states and dividing by
the total volume. Following Ref.@27#, we define the total
injected carrier density asNp[(1/V)(k f̄ a,k . Due to Pauli
blocking, only a fractionN05hNNp of the injected carriers
reaches the active region, where the density quantum
ciency is defined as

hN[
1

NpV(
k

f̄ a,k~12 f a,k!. ~21!
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Making use of Eq.~13! and the fact that carrier-carrier sca
tering processes do not change the total carrier density
obtain

Ṅ52gn~N2N0!1
i

\
~ P̄* Ē2c.c.!. ~22!

Averaging over the longitudinal direction and adding a d
fusion term in order to account for the transverse spa
dependence we arrive at the final equation for the total
rier density

Ṅ5D¹'
2 N2gn@N2N0Jpump~x,y!#2

b

\
Im~P* E!,

~23!

where D is the ambipolar carrier diffusion constant an
Jpump(x,y) is the externally imposed spatial pumping pr
file, for instance, due to current confinement.

4. Plasma temperature

In order to obtain a dynamical equation for the plas
temperature, we first determine an equation for the total e
tron kinetic energy densityW[(1/V)(k«e,kne,k . As detailed
in Ref. @27#, this is achieved by multiplying Eq.~7! by «e,k ,
summing over all states, and dividing by the total volume.
analogy to the treatment in Sec. II B 3, we define the to
injected electron energy density asWp[(1/V)(k«e,k f̄ e,k .
Again, due to Pauli blocking only the fractionW05hWWp of
the injected electron kinetic energy density reaches the ac
region, where the kinetic energy density quantum efficien
is defined as

hW[
1

WpV(
k

«e,k f̄ e,k~12 f e,k!. ~24!

Since carrier-carrier scattering processes also do not ch
the total carrier kinetic energy density, which is related to
total electron kinetic energy density simply by a const
factor in our model, we obtain

Ẇ52gn~W2W0!1
i

\S 1

V(
k

mk«e,kpk* Ē2c.c.D . ~25!

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

Ẇ52gn~W2W0!2
2

\

mr

me
Im$@\~vc2 ig2!2«g# P̄* ~ t !Ē~ t !

2 i\ Ṗ̄* ~ t !Ē~ t !%. ~26!

We now make a variable transformation to obtain
equation for the plasma temperatureTp @27#. Combining
Eqs.~22! and ~26! yields
e
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Ṫp52gn@JW~W2W0!2JN~N2N0!#

2JW

2

\

mr

me
Im$@\~vc2 ig2!2«g# P̄* ~ t !Ē~ t !

2 i\ Ṗ̄* ~ t !Ē~ t !%1JN

2

\
Im~ P̄* Ē!, ~27!

where@27#

JW[
]N

]me
S ]W

]Tp

]N

]me
2

]W

]me

]N

]Tp
D 21

, ~28!

JN[
]W

]me
S ]W

]Tp

]N

]me
2

]W

]me

]N

]Tp
D 21

, ~29!

andme is the electronic chemical potential. As in Sec. II B
we average over the longitudinal direction, add a diffusi
term, and take the pumping profile into account. Furth
more, we include a phenomenological coupling term b
tween plasma and lattice temperature due to carrier-pho
scattering@27# to arrive at the final equation for the plasm
temperature

Ṫp5D¹'
2 Tp2gn$JW@W2W0Jpump~x,y!#

2JN@N2N0Jpump~x,y!#%

2JW

b

\

mr

me
Im$@\~vc2 ig2!2«g#P* E2 i\ Ṗ* E%

1JN

b

\
Im~P* E!2gT~Tp2Tl !, ~30!

where the plasma temperature diffusion is assumed to
governed by the same diffusion constantD as the carrier
density diffusion, andgT is the rate of plasma cooling. In ou
simulations we find that the dominant contribution to t
plasma heating is due to kinetic energy pumping with Pa
blocking. However, far above threshold stimulated emiss
can be of equal importance. This is in agreement with pre
ous studies of carrier heating in microcavity lasers@42#.

C. Lattice temperature

To complete our model, we supplement the above se
equations by an entirely phenomenological dynamical eq
tion for the lattice temperature, namely@27#,

Ṫl5DT¹'
2 Tl1gT

Cp

Cl
~Tp2Tl !2ga~Tl2Ta!

1gn

\vcN

Cl
1

SR j2

ClL
. ~31!

Here,DT is the thermal diffusivity,Cp5]W/]Tp andCl are
the plasma and lattice specific heat capacities, respectiv
ga is the cooling rate towards a fixed ambient temperat
Ta , S is the device area,R is the total device resistance, an
j 5eLmgnNp is the current density. The second to last a
last terms represent nonradiative recombination and J
heating, respectively.
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TABLE I. Parameters used in the VCSEL simulations.

Parameter Symbol Value

Cavity resonance wavelength in vacuum l0 870.0 nm
Refractive indices: GaAs~phase!, GaAs~group!, Al0.2Ga0.8As nb , ng , ncav 3.65, 4.30, 3.50
Index step Dnb 20.05
Cavity length, quantum well width L, Lwell 248.6 nm, 10 nm
Longitudinal extent of active region Lm53Lwell 30 nm
Amplitude reflection coefficient r m 0.9998
Effective coupling constant b 0.09312
Linear thermal index change~GaAs atT05300 K) ]nb

]Tl

4.031024 K21

Polarization dephasing rate g2 1.031013 s21

Nonradiative carrier recombination rate gn 1.03109 s21

Effective masses~GaAs!: electron, hole me, mk 0.0665m0 , 0.4500m0

Zero temperature bandgap~bulk GaAs! «g(0) 1.519 eV
Thermal bandgap shift parameters~GaAs! v1 , v2 5.40531024 eV /K, 204 K
Dipole matrix element parameter m0 5e Å
Carrier diffusion constant~GaAs! D 1.031023 m2 s21

Rate of plasma cooling gT 1.031012 s21

Thermal diffusivity ~GaAs! DT 1.305531024 m2 s21

Lattice specific heat capacity Cl 1.7388 J K21 m23

Rate of lattice cooling ga 1.03108 s21

Device area S 625 mm2

Total device resistance R 1000 V
pa
t

w
h

pl
b
m
a
t w
ea
en
nm
s
w

cts
e
h
x-

tl
th
a
a

e

ep.

r of
ent
nt

on-
t
do-

ate
ary

nt
that
al-

dy.

ided
III. MODEL SPECIFICATIONS
AND NUMERICAL METHODS

In the choice of our model geometry and the model
rameters we have tried to remain as true as possible to
actual device used in the experiments of Ref.@12#. However,
since certain device specifications were not available,
were occasionally forced to resort to generic values. T
specific set of parameters chosen for the numerical im
mentation of the equations of Sec. II is summarized in Ta
I. Note that although the devices were measured to e
around 850 nm@12#, we have fixed the cavity resonance
870 nm. This discrepancy is necessitated by the fact tha
are using the bulk band gap in our optical model, wher
the active region consists in fact of quantum wells. The
ergy shift of the lowest-order confined states in a 10-
GaAs quantum well increases the band gap by several ten
meV. In order to compensate for the different band gap,
intentionally reduced the cavity resonance frequency.

The model geometry is indicated in Fig. 1, which depi
a cross section in thex-z plane at the center of the devic
with respect toy. The y-z cross section at the center wit
respect tox is identical, with one exception: The lateral e
tent of the active region and the cladding in they direction is
taken to be 25mm, instead of the 27mm used for thex
direction. Viewed from above, this corresponds to a sligh
rectangular active region. The reasons for introducing
asymmetry are detailed in Appendix B. In the longitudin
direction, the active medium encompasses three 100-Å G
quantum wells, placed in the center of thel cavity assumed
to consist of Al0.2Ga0.8As. In Fig. 1, the top and bottom
DBRs are depicted as black horizontal bars. Within the
fective index model@24,30#, the oxidized high Al content
-
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layers in the DBR structure result in an effective index st
This transverse index step is taken to beDn520.05, in
accordance with the value given in Ref.@12#, and the loca-
tion of the index step coincides with the transverse borde
the active region. The oxide aperture also provides curr
confinement and is believed to lead to highly uniform curre
injection. We therefore assume carrier pumping with a c
stant pumping carrier densityNp within the transverse exten
of the active region and zero outside. Our computational
main encompasses 50mm3 50 mm with a spatial grid of
1283128 points. We are using a spectral method to evalu
the transverse spatial derivatives, hence periodic bound
conditions are applied implicitly. However, this is irreleva
since our computational domain is large enough such
near its boundary all variables attain spatially constant v
ues.

FIG. 1. Schematic of the device geometry used in our stu
Shown is anx-z cross section aty50. The various symbols are
explained in the text and additional parameter values are prov
in Table I.
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PRA 58 3285MODELING THE INTERPLAY OF THERMAL EFFECTS . . .
The time evolution of the quantitiesE, P, N, Tp , and
Tl according to the model equations given in Sec. II is co
puted with a split-step operator method. First, the part of
time evolution mediated by the transverse derivatives in
model equations is evaluated spectrally, using fast Fou
transforms. The second operator comprises the remaind
the model equations. Note that the equations forE andP —
when considered independent from the remaining equat
— are linear with slowly varying coefficients depending
the slowly changing variablesN, Tp , andTl . Therefore, we
use the following scheme for the second operator: Keep
N, Tp , andTl constant at their previous values during o
time step, we can solve exactly for the next values ofE and
P by propagating the coupled equations via multiplicati
with an exponential of a complex matrix. Since we are us
very small time steps~to resolve theP dynamics we need
Dt'0.5/G1'15 fs), we are making only a small mistake b
holdingN, Tp , andTl constant during the propagation ofE
and P ~see Ref.@43# for more details!. Simultaneously, we
propagateN, Tp , and Tl to their next values using a firs
order explicit Euler method, withE and P fixed at their
previous values. For a given set of input parameters,
starting from some initial conditions, the simulation is pe
formed until the spatial averages ofN, Tp , and Tl have
converged to a near constant value. The length of the si
lations is hence determined by the longest time constan
our model, namely, the inverse of the relaxation ratega of
the lattice temperature to the ambient temperature. S
1/ga510 ns, our simulations usually extended over seve
tens of nanoseconds.

IV. RESULTS

In this section, we present the results of our model cal
lations for two different ambient temperaturesTa and discuss
the dependence on the pumping carrier densityNp . Compar-
ing our simulations with the experiments of Ref.@12#, we
find qualitative agreement in the near-field behavior j
above threshold and the dependence of the dominant le
scales on pumping.

A. Low ambient temperature: 290 K

The most striking experimental observation of Ref.@12#
is the appearance of a deeply modulated ‘‘roll-like’’ nea
field intensity pattern just above threshold for low he
‘ sink temperatures. In order to investigate this regime,
chose an ambient temperatureTa5290 K and varied the
pumping density to find the threshold value. AtNp
53.6531024 m23 no steady lasing was observed, but
Np53.6731024 m23 we find a steady-state lasing solutio
Figures 2~a! and 2~b! show a 30-ps time average of the co
responding near- and far-field intensities, respectively. N
that the length of intervals for time averages in this pa
was chosen such that they encompass several periods o
slowest field oscillations. As in the experiment, the tim
averaged near field consists of rolls and has a transv
spatial wavelength of about 0.9mm. The time-averaged fa
field given in Fig. 2~b! exhibits a double spot at (kx ,ky)
5(6kmax,0) indicating that on average the field is a stand
wave inx with negligible spatial structure iny. Furthermore,
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a spectral analysis of the time dependence of the spat
averaged near field yields a power spectrum with a nar
single peak. Thus, at threshold our model reproduces v
well the single-mode highly divergent emission seen in
experiments.

As the pumping carrier density is increased from thre
old in our model, the above simple single-mode lasing st
gives way to multimode behavior and more complex spa
field patterns with larger dominant spatial scales. The la
is demonstrated in Fig. 3, where we display the depende
of the magnitudekmax of the dominant wave vector in the fa
field as a function ofNp . This increase of the dominan
spatial wavelength of the near-field pattern and the prese
of multiple frequencies is also in qualitative agreement w
the experiments of Ref.@12#.

The more detailed output field characteristics observed
our model and in the experiments start to deviate furt
above threshold. The experiments yield single-mode ou
at 1.05 times the threshold value and the fields predo

FIG. 2. Time-averaged near-field~a! and far-field~b! intensities
at low ambient temperatureTa5290 K and pumped just abov
threshold (Np53.6731024 m23). The near-field intensity~a! ex-
hibits a roll pattern with a spatial wavelength of approximate
0.9 mm. The corresponding time-averaged far field~b! consists of
a symmetric double spot characteristic for a standing wave wit
single wave vector. In both figures, higher intensity values
shown as darker regions.
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3286 PRA 58RÖSSLER, INDIK, HARKNESS, MOLONEY, AND NING
nantly show structure in a single spatial direction for pum
ing as high as 1.3 times the threshold value. In contrast,
emission obtained from our model already has consider
contributions from several modes and shows structure
both spatial directions at 1.01 times the threshold. Poss
reasons for this difference between experiment and sim
tions are discussed in Sec. V C below.

B. High ambient temperature: 330 K

Since the experiments revealed a very different beha
of the VCSELs at high ambient temperatures, we repea
our investigations atTa5330 K. Figure 4 displays the
steady-state lasing characteristics near threshold. Here,
els ~a! and ~b! show 150-ps time averages of the near-fie
intensity at threshold (Np53.9531024 m23) and slightly
above threshold (Np54.0031024 m23), respectively. In
comparison to the results at low ambient temperature, sh
in Fig. 2~a!, it is very apparent that the dominant spatial sc
of the near fields in Fig. 4 is much larger. Corresponding
the far field is peaked around zero wave vector. At thresh
the output field is completely dominated by the fundamen
mode@Fig. 4~a!#, but slightly above threshold several tran
verse modes are present@Fig. 4~b!#. This agrees with the
observation in Ref.@12# that near threshold at higher he
sink temperatures the VCSEL favors emission at small div
gence angles and exhibits multiple frequency componen

We also considered the effects of increased pumping
the higher ambient temperatures. The results we obtained
Np59.0031024 m23 are shown in Fig. 5. In contrast to th
case of lowerTa , where the dominant spatial scaleincreased
with Np ~see Fig. 3!, we find that at higher ambient temper
tures stronger pumping leads todecreasedspatial wave-
lengths. However, the highly divergent emission seen at
Ta is not observed. Again, very similar behavior is report
in Ref. @12#.

V. DISCUSSION

In the previous section, we have demonstrated that
model exhibits the same qualitative behavior as the exp
ments in several important aspects. We now proceed to
lyze these results in terms of the features of our model, t
providing a theoretical interpretation of the experimenta
observed behavior. Furthermore, we discuss deviations
tween the experiment and our simulations, and we indic

FIG. 3. As the pumping densityNp is increased from threshold
for Ta5290 K, the magnitude of the dominant transverse wa
vectorkmax in the far field decreases.
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the model improvements necessary in order to ameliorate
differences.

For a preliminary explanation of their experiments, t
authors of Ref.@12# invoked a previous theoretical invest
gation @32# of the space-time dynamics of a homogeneou
broadened, single-longitudinal-mode, unidirectional ring
ser described by two-level Maxwell-Bloch equations. A
shown in Ref.@32#, near the lasing threshold the detunin
between the cavity resonance frequency and the peak
frequency determines the characteristics of the output fi
A redshift of the cavity resonance frequency relative to
peak gain frequency results in a stable traveling wave las
solution exhibiting a finite transverse wave vector such t
its frequencymatches the peak gain frequency. As the size of
the redshift is reduced, the value of the transverse wave
tor decreases in order to maintain the alignment of las
frequency and gain peak. On the other hand, in the case
blueshift lasingoccurs at the cavity resonance frequenc,
with zero transverse wave vector. Note that for any size
the blueshift this constitutes the mode with the lowest p
sible frequency and therefore the maximum gain. To summ
rize, according to Ref.@32#, the stable lasing solution corre
sponds to the transverse mode whose frequency maxim
the gain for a given detuning.

e

FIG. 4. Same as Fig. 2~a!, but at a high ambient temperatur
Ta5330 K and for ~a! pumping at threshold (Np53.95
31024 m23) and ~b! slightly above threshold (Np54.00
31024 m23). At both pumping values the time-averaged near fie
intensity exhibits large spatial wavelengths of approximat
10 mm. The corresponding time-averaged far fields are pea
around zero wave vector.
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An influence of the sign of the gain offset on transve
mode behavior has indeed already been observed in VC
experiments@44,45#. In conjunction with the VCSELs well-
known redshift of the gain peak with temperature@46#, the
increase of the dominant spatial scale of the near-thres
steady-state field pattern with heat sink temperature see
the experiments of Ref.@12# may be expected based on th
theory of Ref.@32#. However, a more complete descriptio
including the effects of index-guiding, the coupling
plasma and lattice temperatures, and spatial hole burnin
such as provided by our VCSEL model — is necessary
reproduce the experimentally observed dependence
pumping.

A. Low ambient temperature: 290 K

The behavior at threshold for low ambient temperatu
comes closest to being fully captured by the theory of R
@32#. Here, lasing occurs in a single mode with well-defin
wave vector and frequency. In Fig. 6 we show the gain sp
trum for Ta5290 K andNp53.6731024 m23, evaluated
from our Lorentzian fit forx(v,N,Tp ,Tl) using the tempora
and spatial average values ofN, Tp , andTl within the ac-
tive region. This procedure is well justified, sinceN, Tp ,
andTl are nearly constant throughout the active region a

FIG. 5. Same as Fig. 2, but at a high ambient temperatureTa

5330 K and for pumping far above threshold (Np59.00
31024 m23). The time-averaged near field intensity~a! exhibits
smaller spatial wavelengths than near threshold~see Fig. 4!. The
corresponding time-averaged far field~b! shows large divergence
angles, but not nearly as large as for lowTa @see Fig. 2~b!#.
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hence the gain for a given transverse mode depends
very weakly on its spatial structure. As seen in Fig. 6, at t
ambient temperature the cavity resonance frequencyvc is
redshifted with respect to the gain peak frequency, while
lasing frequencyv lasing — computed from the power spec
trum of the spatially averaged field — lines up with the ga
peak. Hence, transverse mode selection is entirely due to
frequency criterion established in Ref.@32#.

We note that due to index guiding in the native-oxi
confined VCSELs, the steady-state field is a standing-w
mode@47# instead of one of the traveling-wave lasing sol
tions treated in Ref.@32#. The corresponding spatial depe
dence of the field intensity — which is absent for traveli
waves — causes a transverse modulation of the carrier
sity. However, since the carrier diffusion length (1.0mm) is
comparable to the spatial wavelength of the field patt
~'0.9 mm! diffusion almost completely restores the spat
homogeneity of the carrier density. Furthermore, the tra
verse index guide supports only a finite number of bou
modes, depending on the size of the index step. This res
in an upper limit on the available mode frequencies. To c
firm this effect, we performed studies with one transve
dimension. We found that for a given redshift the frequen
selection criterion of Ref.@32# cannot be satisfied when th
magnitude of the index step is reduced below a critical val

While the theory of Ref.@32# applies strictly only for
single-mode behavior near threshold, our model calculati
reveal that at low ambient temperatures its predictions
main qualitatively valid even under multiple-mode operati
above threshold: With increasing pumping the dominant l
ing frequency remains near the gain peak, as exemplified
Fig. 7. Within our model, stronger pumping causes a rise
the lattice temperature and results in a redshift of the g
peak. Hence, for lasing to occur at the gain peak frequen
smaller transverse wave vectors are required. This expl
the increase of the dominant spatial wavelength with pum
ing demonstrated in Fig. 3 and observed in the experime

B. High ambient temperature: 330 K

At higher ambient temperatures, we encounter a differ
situation. The small wave vector standing waves present n

FIG. 6. Gain spectrum (}2Imx) at low ambient temperature
Ta5290 K and pumped just above threshold (Np53.67
31024 m23), computed from the Lorentzian fit and using the tem
poral and spatial averages ofN, Tp , andTl within the active re-
gion in order to evaluate the parametersx0 , A, G, «g , and d.
The cavity resonance frequencyvc is redshifted with respect to the
gain peak frequency, but lasing occurs at the frequencyv lasing,
which lines up exactly with the gain peak.
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threshold result in transverse modulations of the carrier d
sity on very large spatial scales ('10 mm), such that diffu-
sion can no longer restore the spatial homogeneity. Th
spatial inhomogeneities in the carrier density~and the tem-
peratures! translate into a spatial dependence of the susc
tibility. Hence, the effective gain for a given transverse mo
depends not only on the mode frequency, but also on
overlap of the mode pattern and the spatial gain profile.

A preliminary understanding of the transverse mode
havior can still be gained from considering the gain spectr
evaluated at the active-region averages ofN, Tp , and Tl .
Accordingly, Fig. 8 shows2Im(x) for Ta5330 K at
threshold (Np53.9531024 m23). In contrast to the low-
temperature case depicted in Fig. 6, the cavity resona
frequency is blueshifted from the gain peak frequency. U
der these circumstances, the theory of Ref.@32# predicts the
mode with the lowest frequency as stable lasing solution.
periodic boundary conditions, this corresponds to the z
wave vector mode, whose frequency matches the cavity r
nance@32#. Due to the finite extent of the index guide, in o
model a homogeneous zero wave vector solution is not p
sible. Instead, the fundamental mode — corresponding to
index-guided mode with the smallest wave vector and the
fore the smallest frequency— dominates the field pattern
threshold, as can be clearly seen from Fig. 4~a!. We note that
although it is still blueshifted from the gain peak, the dom

FIG. 7. As the pumping densityNp is increased from threshold
for Ta5290 K, the dominant frequency in the steady state fi
~crosses! remains close to the gain peak frequency~circles!.

FIG. 8. Same as Fig. 6, but forTa5330 K and Np

53.9531024 m23. The cavity resonance frequencyvc is blue-
shifted with respect to the gain peak frequency, while the las
frequencyv lasing lies between the gain peak and the cavity re
nance.
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nant lasing frequency is red-shifted considerably from
cavity resonance. This is simply a consequence of therm
induced index changes included here, but not considere
Ref. @32#: The higher lattice temperature within the activ
region enhances the index guide, which results in a reds
of all transverse mode frequencies. Even with this reds
included, the frequency of the fundamental mode maximi
the active-region averaged gain. Hence, again the transv
mode selection at threshold is in accordance with the
quency criterion of Ref.@32#.

Slightly above threshold, multimode emission is o
served, both in our simulations@see Fig. 4~b!# and in the
experiments. Since the frequency spacing between adja
transverse modes is small at near-zero wave vectors, so
the differences in gain. It is therefore not surprising that s
eral transverse modes are simultaneously above threshol
order to understand the observed outcome of the compet
between these modes for the available gain, we have ex
ined a strongly simplified version of our model. Assumin
that only the fundamental and first excited transve
mode are above threshold, we write the total field as
linear superposition E(x,y;t)5c1(t)E1(x,y)exp(2iv1t)
1c2(t)E2(x,y)exp(2iv2t), where the complex coefficientsci
are slowly varying andEi(x,y) denotes the normalized mod
patterns. Neglecting the slow time dependence ofci andN in
performing Fourier transformations, we arrive at the cor
sponding polarization

P~x,y;t !5e0nb
2@x~v1 ,N!c1~ t !E1~x,y!exp~2 iv1t !

1x~v2 ,N!c2~ t !E2~x,y!exp~2 iv2t !#.

In the absence of carrier diffusion and for constant and
mogeneous temperatures, the susceptibility depends on s
only through the mode intensities: x(v;x,y)
5x(v;uc1E1(x,y)u2,uc2E2(x,y)u2). Here, we have omitted
terms containing the beat frequency between the mo
which average to zero over the carrier relaxation time sc
For small intensities, we can approximate

x~v i ;x,y!'x~1!~v i !1x~3!~v i !@x~1!~v1!uc1E1~x,y!u2

1x~1!~v2!uc2E2~x,y!u2#.

We furthermore assume that the susceptibility is pur
imaginary, i.e., we neglect carrier-induced refractive ind
changes. Considering the projection of the dynamical eq
tion for the total field onto the two modes, we obtain coupl
ordinary differential equations for the mode amplitude
namely,

ċ15a1c12~b11uc1u21b12uc2u2!c1 , ~32!

ċ25a2c22~b21uc1u21b22uc2u2!c2 . ~33!

In these equations,a i.0 is the difference between linea
gain and loss for modei ( i 51,2), b i i .0 is the self-
saturation coefficient, andb i j .0 (iÞ j ) is the cross-
saturation coefficient. The exact same pair of equations
been discussed in the context of homogeneously broade
two-level atomic lasers@48#. The single-mode and two-mod
steady-state solutions of these equations are readily obta
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PRA 58 3289MODELING THE INTERPLAY OF THERMAL EFFECTS . . .
As shown in Ref.@48#, their linear stability is governed by
the relative size of the self- and cross-saturation coefficie
In our case, these coefficients depend on overlap integra
the squares of the mode patterns. Using the Cauc
Schwartz inequality, it is straightforward to show th
b12b21<b11b22 is always satisfied. As a consequence,
only stable solution is characterized by the presence of b
modes@48#. Based on the analysis of this simplified situati
we conclude that the carrier-density mediated dependenc
the gain on the field intensity — in other words, spatial ho
burning — is responsible for the observed multimode beh
ior in our full model near threshold.

Finally, we discuss the dependence of the steady-s
field patterns on pumping at high ambient temperatures.
the pumping is increased, the coupling between plasma
lattice temperatures leads to an even larger redshift of
gain peak relative to the cavity resonance frequency. Acco
ing to the theory of Ref.@32#, we would therefore expec
lasing to continue to occur preferentially in the fundamen
mode. This is indeed the case, but several larger wave-ve
modes also appear in the output field, as shown in Fig. 5
these higher pumping values many transverse modes
above threshold. Hence, an analysis similar to that prese
in the previous paragraph, complicated by the presenc
multiple, nondegenerate modes, would be necessary to
derstand the mode competition behavior. Such an analys
beyond the scope of this paper. Nevertheless, we evalu
the overlap integrals of the squares of two arbitrary infin
index step waveguide mode patterns and found that the
grals appearing in the cross-saturation terms are alw
smaller than the corresponding integrals in the self-satura
terms. This leads us to believe that again spatial hole burn
is the governing mechanism for the observed multimode
havior at increased pumping.

C. Discrepancies and possible model improvements

The most significant discrepancy between the experim
tal results and our simulations occurs at low ambient te
peratures. As discussed in Sec. IV A, at pumping as low
1.01 times the threshold value our model yields multimo
steady-state fields having comparable large wave vector
both transverse directions, while the experiments sh
single-mode lasing with large wave vectors in only o
transverse direction for pumping up to 1.05 times the thre
old value. Since the experiments also show that the lin
polarization is aligned with the persisting ‘‘rolls,’’ we fee
that this discrepancy can only be resolved by incorpora
the vectorial nature of the field. Efforts in this direction a
already under way. Moreover, once one accepts the fact
the modes with large wave vectors in only one transve
direction are favored, it is easier to understand why the
ambient temperature experiments yield single-mode las
up to larger pumping values: The frequency spacing betw
these modes is significant, hence the mode discrimina
according to frequency is very strong. This is in stark co
trast to the high ambient temperature situation discusse
Sec. V B.

While our model qualitatively captures the main tren
seen in the experiments, obviously a more quantitative an
sis would require a description of the optical properties t
goes beyond the free-carrier model used here. As em
s.
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sized earlier, the inclusion of many-body effects is in pr
ciple very straightforward within the effective Bloch equ
tion approach. However, in order to obtain the Lorentz
fitting parameters over a wide range of carrier densiti
plasma and lattice temperatures, a large number of num
cally intensive many-body gain calculations are necess
before the simulations can be performed. This aspect of
proving our model is also in progress.

Finally, the relaxation of the lattice temperature towar
the ambient temperature is assumed to be described by N
ton’s law of cooling@see Eq.~31!#. It is not clear that such a
simplified approach is indeed valid. Moreover, the cor
sponding temperature relaxation rate will strongly depend
the specific device geometry and can only be estimated
the future, we intend to instead incorporate a more reali
description of the longitudinal lattice temperature transpo

VI. SUMMARY

We have introduced a dynamical VCSEL model that a
counts for the intricate coupling between thermal effects a
optical properties and includes the important transve
mode selection mechanism due to gain dispersion. For
ferent ambient temperatures, this model qualitatively rep
duces the near-field behavior just above threshold as we
the dependence of the dominant length scales on pum
seen in recent experiments with large-aperture native-ox
confined VCSELs@12#. An analysis of the results of ou
simulations in terms of the features of our model provide
theoretical interpretation of the experimental behavior.

More specifically, atlow ambient temperatures and ne
threshold, highly divergent single-mode emission is obser
both in the experiments and in our simulations. Within o
model, this regime is characterized by a considerable reds
of the cavity resonance frequency relative to the peak
quency of the gain, where the latter is evaluated at the t
poral and spatial averages of carrier density, plasma,
lattice temperatures. As predicted by a theory for homo
neously broadened, single-longitudinal-mode, unidirectio
ring lasers@32#, under such circumstances stable single-mo
emission at large transverse wave vectors occurs and the
ing frequency lines up with the gain peak. The applicabil
of this theory to index-guided VCSELs is in this case jus
fied by the fact that diffusion compensates the short wa
length modulation of the carrier density and plasma tempe
ture caused by the spatial variation of the standing wave fi
intensity, thus restoring the spatial homogeneity of the s
tem. As the pumping is increased at these low ambient t
peratures, the dominant spatial wavelength of the stea
state field pattern becomes larger. Our model demonstr
that this behavior is caused by the coupling between ther
effects and optical properties: Stronger pumping increa
the lattice temperature and therefore results in a redshif
the gain spectrum. Hence, for lasing to continue to occu
the gain peak frequency, increasingly smaller transve
wave vectors are required.

Near threshold, the measured steady-state field patter
high ambient temperatures exhibit multimode behavior a
are dominated by near-zero wave vectors. Again, our mo
reproduces these results. In this regime, the field-indu
modulation of the carrier density and the plasma tempera
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are on a large spatial scale, such that diffusion can no lon
restore the spatial homogeneity. Nevertheless, using the
spectrum evaluated at the temporally and spatially avera
carrier density and temperatures provides fundamental
sight: Here, the cavity resonance is strongly blueshifted r
tive to the gain peak and according to the theory of Ref.@32#
lasing in the lowest frequency mode is expected. With
observed domination of the fundamental mode, this pre
tion is substantiated. However, due to the spatial inhomo
neity of the system transverse modes are discriminated
only according to their frequency, but also according to th
spatial mode patterns. Within a simplified model we sh
that the interplay of self- and cross-saturation of mod
caused by spatial hole burning is responsible for the mu
mode emission seen near threshold. The same mechani
argued to be at work at higher pumping levels, encourag
the appearance of higher-order modes. This explains the
crease of the dominant spatial wavelengths with increa
pumping, which are obtained in the experiments and in
simulations.

Our studies have provided an understanding of the ph
cal origin of the highly divergent emission seen in broad-a
selectively oxidized VCSELs at low ambient temperatur
At the same time, they also indicate a possible approach
the suppression of these high-order transverse modes
high-power applications that require a narrow beam.
mentioned in Sec. V A, the size of the index step imposes
upper limit on the transverse wave vectors supported by
index guide. Since the effective index step is determined
the thickness and the placement of the oxide layer in
VCSEL structure@10#, this effect could be utilized to contro
the maximal divergence angle.

ACKNOWLEDGMENTS

We thank the authors of Ref.@12# for providing their re-
sults prior to publication. T.R. acknowledges helpful discu
sions with Stephan Koch, Rolf Binder, Dariusz Bura
Michal Mlejnek, J. Kenton White, and Paul Pax. This wo
is supported by the U.S. Air Force Office of Scientific R
search, Air Force Materiel Command, USAF, under Gr
No. F49620-97-1-0002 and by NATO Collaborative R
search Grant No. CRG 971186.
er
in

ed
n-
a-

e
c-
e-
ot
ir

s
i-

is
g
e-
d
r

i-
a
.

or
for
s
n
e
y
e

-
,

t
-

APPENDIX A: DERIVATION OF THE PLASMA
TEMPERATURE EQUATION

This appendix provides more details of the derivation
the plasma temperature equation implemented in this pa
First, we invoke the quasiequilibrium approximation in E
~6!, replacing the carrier distributionsna,k by quasiequilib-
rium Fermi-Dirac distributionsf a,k . Ignoring the slow time
dependence of thef a,k , we Fourier transform into the fre
quency domain and solve for the envelope polarizatio
This yields

p̃k~v!5
mk~12 f e,k2 f h,k!

\@~vk2vc2v!2 ig2#
Ẽ̄~v!. ~A1!

Note that using the definition of the total polarization E
~13! we immediately obtain the susceptibility within the fre
carrier model as

x~v!5
1

Ve0nb
2(

k

umku2~12 f e,k2 f h,k!

\@~vk2vc2v!2 ig2#
. ~A2!

The Fermi-Dirac distributionsf a,k depend on the total carrie
densityN and the plasma temperatureTp , while the optical
transition frequencyvk depends on the lattice temperatu
Tl . Therefore, the susceptibility is in general a function
all these quantities and the fitting parameters used within
effective Bloch equation approach of Sec. II B 2 have to
flect this dependence.

We can now use the expression for the microscopic
larization Eq.~A1! in Eq. ~25!. For this purpose, we Fourie
transform the latter equation into frequency space and c
sider only the terms in the last bracket. The product of
time-dependent quantitiespk* and Ē under Fourier transfor-
mation becomes a convolution, namely,

E
2`

1`

dv8
1

V(
k

mk«e,kp̃k* ~v!Ẽ̄~v2v8!, ~A3!

where we are focusing on the first term in the bracket on
since the second term is just the complex conjugate. Us
the definition of the optical transition energy Eq.~8! and the
quasiequilibrium result for the microscopic polarization E
~A1!, we rewrite
E
2`

1`

dv8
mr

me

1

V(
k

umku2~\vk2«g!~12 f e,k2 f h,k!

\@~vk2vc2v!1 ig2#
Ẽ̄* ~v!Ẽ̄~v2v8!. ~A4!

Subtracting and adding\(vc1v2 ig2) in the numerator under the sum, this simplifies to

E
2`

1`

dv8
mr

me
H 1

V(
k

umku2~12 f e,k2 f h,k!Ẽ̄* ~v!Ẽ̄~v2v8!

1@\~vc1v2 ig2!2«g#
1

V(
k

umku2~12 f e,k2 f h,k!

\@~vk2vc2v!1 ig2#
Ẽ̄* ~v!Ẽ̄~v2v8!J . ~A5!

Using Eqs.~A1! and ~13!, we obtain

E
2`

1`

dv8
mr

me
H 1

V(
k

umku2~12 f e,k2 f h,k!Ẽ̄* ~v!Ẽ̄~v2v8!1@\~vc1v2 ig2!2«g# P̃̄* ~v!Ẽ̄~v2v8!J . ~A6!
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and transforming back into the time domain yields

mr

me
H 1

V(
k

umku2~12 f e,k2 f h,k!uĒ~ t !u21@\~vc2 ig2!2«g# P̄* ~ t !Ē~ t !2 i\ Ṗ̄* ~ t !Ē~ t !J . ~A7!
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Inserting this back into Eq.~25!, we note that the first term is
real and therefore vanishes under subtraction of the com
conjugate. This leads to Eq.~26!.

APPENDIX B: RECTANGULAR VERSUS SQUARE
MODEL GEOMETRY

Nominally, the VCSELs used in the experiments of R
@12# have a square geometry. However, there are at least
physical mechanisms that can destroy an intended sq
spatial symmetry:~i! The fabrication of an index guide vi
selective oxidation may introduce a geometrical asymme
This was demonstrated impressively in Ref.@49# where the
authors deduced the transverse dimensions of a suppo
square VCSEL from the measured subthreshold emis
spectrum and found a 20% mismatch between thex and y
extents. This type of cavity asymmetry would favor a p
ticular linear polarization for a large range of pumping v
ues@50#, which is indeed the case for the experiments of R
c
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-
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f.

@12#. ~ii ! The favoring of a particular linear polarization see
in the experiments can also be caused by crystal strains
troduced during growth and processing@51#. For instance, in
Ref. @50# it was reported that all the circular VCSELs from
given wafer were lasing in the same dominant polarizat
state. Therefore, crystal strains are a source of spatial as
metry as well.

Considering the above points, we argue that it is in f
very likely that the actual device symmetry deviated from
perfect square. The most straightforward way to include t
spatial asymmetry in our model was the use of a sligh
rectangular active region, as detailed in Sec. III. As for t
size of thex-y mismatch, we chose a value that is of th
same order as that mentioned under~i!. However, we note
that both of the above symmetry-breaking mechanisms
hibit themselves through the selection of a preferred lin
polarization. Therefore, a fully satisfactory treatment of t
asymmetry would require a vectorial approach to the fiel
nol.

n.

f.

p.

ic
c.

-
-

n.

es
o.
@1# K. Iga, F. Koyama, and S. Kinoshita, IEEE J. Quantum Ele
tron. 24, 1845~1988!.

@2# W. W. Chow et al., IEEE J. Quantum Electron.33, 1810
~1997!.

@3# Vertical-Cavity Surface-Emitting Lasers, edited by K. D.
Choquette, and D. G. Deppe, SPIE Proc. No. 3003~SPIE,
Bellingham, 1997!.

@4# R. A. Morgan, seeVertical-Cavity Surface-Emitting Laser
~Ref. @3#!, p. 14, and references therein.

@5# D. L. Huffaker, D. G. Deppe, K. Kumar, and T. J. Roger
Appl. Phys. Lett.65, 97 ~1994!.

@6# K. D. Choquette, R. P. Schneider, Jr., K. L. Lear, and K.
Geib, Electron. Lett.30, 2043~1994!.

@7# K. L. Lear et al., Electron. Lett.31, 208 ~1995!.
@8# K. D. Choquetteet al., IEEE Photonics Technol. Lett.7, 1237

~1995!.
@9# D. L. Huffaker, H. Deng, Q. Deng, and D. G. Deppe, App

Phys. Lett.69, 3477~1996!.
@10# K. D. Choquetteet al., Appl. Phys. Lett.70, 823 ~1997!.
@11# B. Weigl et al., IEEE J. Sel. Top. Quantum Electron.3, 409

~1997!.
@12# S. P. Hegartyet al., in Vertical-Cavity Surface-Emitting La

sers II, edited by K. D. Choquette and R. A. Morgan, SP
Proc. No. 3286~SPIE, Bellingham, 1998!, p. 198.

@13# W. Nakwaski and M. Osinski, IEEE J. Quantum Electron.27,
1391 ~1991!.

@14# J. W. Scott, S. W. Corzine, R. S. Geels, and L. A. Coldr
Appl. Phys. Lett.62, 1050~1993!; J. W. Scott, R. S. Geels, S
W. Corzine, and L. A. Coldren, IEEE J. Quantum Electron.27,
1391 ~1993!.
-

.

,

@15# R. Michalzik and K. J. Ebeling, IEEE J. Quantum Electron.29,
1963 ~1993!.

@16# J. Piprek, H. Wenzel, and G. Szefka, IEEE Photonics Tech
Lett. 6, 139 ~1994!.

@17# Y.-G. Zhao and J. G. McInerney, IEEE J. Quantum Electro
31, 1668~1995!.

@18# M. Shimizu, F. Koyama, and K. Iga, Trans. Inst. Electron. In
Commun. Eng. E74, 3334~1991!.

@19# J.-P. Zhang and K. Petermann, IEEE J. Quantum Electron.30,
1529 ~1994!.

@20# A. Valle, J. Sarma, and K. A. Shore, Opt. Commun.115, 297
~1995!; IEEE J. Quantum Electron.31, 1423~1995!.

@21# J. Y. Law and G. P. Agrawal, IEEE J. Quantum Electron.33,
462 ~1997!.

@22# H. K. Bissessur, F. Koyama, and K. Iga, IEEE J. Sel. To
Quantum Electron.3, 344 ~1997!.

@23# L. E. Thodeet al., in Physics and Simulation of Optoelectron
Devices II, edited by W. W. Chow and M. Osinski, SPIE Pro
No. 2146~SPIE, Bellingham, 1994!, p. 174; L. E. Thodeet al.,
in Physics and Simulation of Optoelectronic Devices III, edited
by M. Osinski and W. W. Chow, SPIE Proc. No. 2399~SPIE,
Bellingham, 1995!, p. 348.

@24# G. R. Hadleyet al., in Physics and Simulation of Optoelec
tronic Devices III, ~Ref. @23#!, p. 336; IEEE J. Quantum Elec
tron. 32, 607 ~1996!.

@25# Y.-G. Zhao and J. G. McInerney, IEEE J. Quantum Electro
32, 1950~1996!.

@26# Z.-M. Li, in Physics and Simulation of Optoelectronic Devic
V, edited by M. Osinski and W. W. Chow, SPIE Proc. N
2994 ~SPIE, Bellingham, 1997!, p. 698.



.

e-

m

ik,

ee
lly

y
l
el
tu
th

, w
the
to

ide
th
d-
A

-
.

u-

e-

ect-

P.

ch-

os
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