PHYSICAL REVIEW B VOLUME 53, NUMBER 11 15 MARCH 1996-I

Monte Carlo simulations of the spatial transport of excitons in a quantum well structure
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The in-plane spatial transport of nonequilibrium excitons in a GaAs quantum well structure has been
simulated with the ensemble Monte Carlo method. The simulation has been performed for excitons in the
presence of residual heavy holes including the interparticle Coulomb scatterings, LA-phonon scatterings, and
exciton/carrier-interface roughness scatterings. It has been found that, in contrast to the free electrons/holes
system in which the carrier-carrier scattering is significant, the interface roughness scattering is the dominant
process for excitons because of the relatively small scattering rate of exciton-carrier and exciton-exciton
scatterings. This strongly affects both the spatial motion and the energy relaxation of excitons. The spatial and
momentum distributions of excitons have been simulated up to 500 ps at several exciton temperatures and
interface roughness parameters. We have found that the exciton transport can be regarded as a diffusive motion,
with its diffusion coefficient varying with time. The diffusivity varies because the average velocity of excitons
change through the energy transfer between the excitons and the residual heavy-hole/lattice system.

[. INTRODUCTION which the momentum space distribution is stationary. A dis-
tribution function of photocarriers, which are initially gener-
In-plane transport of photogenerated electrons/holes aated nonthermally at some point in the momentum space,
excitons confined in two-dimensiona(2D) space of changes gradually due to the scatterings of carriers, and ap-
guantum-well(QW) structures has attracted much attention,proaches the thermal equilibrium. At the same time, carriers
as it contains rich physics not accessible in the stationargpread spatially from the point where they are initially gen-
transport of conduction electrons. It is also important fromerated. Since the scattering processes are affected both by the
the practical point of view, since the spatial resolutions ofmomentum distribution and the spatial distributitar the
position sensitive optical measurements such as the photoldensity of carriers and the carrier velocities are determined
minescence via optical microscopes and the recently deveby the momentum distribution, the time evolutions of the
oped near-field scanning optical microscdpa® determined momentum and the spatial distribution are mutually depen-
by the diffusion length of photocarriers. dent. Thus, it is necessary to solve the time evolution of
The measurements of photocarrier transport, which is amomentum and spatial distribution simultaneously to under-
transient phenomenon, are difficult because it requires hightand the transport properties of photogenerated carriers.
spatial and temporal resolutions. There have been severSkveral authofs* reported the theoretical studies on the
attempts to measure it in QW'’s of GaAsi8a, _,As with  spatial transport of excitons in QW’s, but they treated the
various techniques under different experimental conditionsmomentum distribution in thermal equilibrium, leaving its
The exciton localization was reported by Hegaetyal,?> us-  dynamic evolution out of account.
ing the transient grating. Oberhauserral?® discussed the There are several approaches to the theoretical analysis of
scattering mechanism of excitons with the same method. Thihe longitudinal momentum relaxatigenergy relaxationof
pump-probe technique was utilized by Smighal? and photogenerated carriet3:Analytical estimations based on
Yoon et al® to investigate the excitation density dependenceGreen’s functions, numerical integrations of Boltzmann
of the spatial motion. Tseet al®’ used the time and spa- equations, and numerical simulations, such as the ensemble
tially resolved Raman spectroscopy and discussed the spatislonte Carlo(EMC) method. The last method is essentially
transport as well as the energy relaxation. The time-of-flighthe same as solvinghonlineaj Boltzmann equations but,
(tof) method with a photomask was developed by Hillmerwith the advent of fast computers, it has become widely
et al® and was applied to study the temperature and excitaused, because it is possible to perform quantitative calcula-
tion energy dependence of the transport in QW'’s under lowions for nonequilibrium distributions of carriers and easy to
excitation condition§~*?The similar tof method with an op- incorporate microscopic scattering mechanisms into the
tical fiber was adopted by Akiyanet al,'® who reported the  model. Another advantage of this method is that the realistic
transport properties in the wide range of excitation density irexperimental conditions such as the shape of the sample, the
doped and nondoped QW's. initial, and the boundary conditions, can be used in the
In spite of these experimental efforts, the physical mechamodel calculations, allowing one to compare the theory and
nism of transport is not fully understood in the microscopicthe experiment directl(The details of this method are re-
level so far. This is because the spatial transport of photogedewed in Ref. 16.
nerated carriers is closely related with the longitudinal relax- There are many EMC studies on the nonequilibrium dy-
ation of carriers in the momentum spafiee., the energy namics of photogenerated carriéfs?*both in bulk and QW
relaxation). This makes the problem further complicated asstructures. But this method simulates the dynamics of par-
compared with the transport of conduction electrons forticles in momentum space and does not yield the information
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in real space. Another class of numerical simulation methodsiton temperaturesT(,,) ranging between 10 and 90 K, with
is the molecular dynamic8vD) approach, in which all par-  the lattice temperatureT() and the interface roughness pa-
ticle trajectories are calculated classically in real space. Thusameters varied. The electrons, heavy holes and excitons are
it naturally enables one to trace the motion of particles in reafreated in the parabolic band approximation as it removes the
space. MD has been applied to the dynamics of nonequilibcomplexity of the expressions of carrier-carrier and carrier-
rium carriers recently by several authdrs? however, when | A-phonon scattering rates, and contributes to the major re-
the number of participating particles grows, it becomes timejuction of computational load. Only the lowest subbands in
consuming and requires huge computer resources. An altefhe I' point of the conduction and the heavy-hole band is
native method is required to practically perform the numeri-considered in the present study, disregarding the contribution
cal simulation in the long time scale. from the upper subbands and the light-hole bands. Since the
In this paper, the spatial transport and the momentum ret valley is located more than 280 meV above, it does not
laxation of excitons is numerically simulated. The spatialcontribute in the energy region of the present simulation. If
motion is treated by dividing the simulation area by meshwe consider the realisic QW of AkGay-As/
(concentric regions in the present casnd the dynamics in - GaAs withL, = 10 nm, the energy separations between the
the momentum space is calculated in each region by thgywyest hh state and the second hh state or the first light-hole
EMC method at the denSity and the momentum distributiorbtate is 22 meV and 13 meV, respectivdﬁ]he Separations
averaged in the region. The position and the momentum O4re 33 meV and 48 meV, respectively, for the well of the
the particle, and thus the density and the momentum distrinfinite barrier heighy. Since the average exciton energy at
bution in each region, are updated at every time step. Thighe highest exciton temperatu(@0 K) is 7.7 meV, only a
approximation allows one to trace the spatial distribution ofsma|l fraction of excitons in the high energy tail of the Bose
particles at the spatial resolution comparable to the regiogistribution are involved in the scatterings with the upper
size, without the expense of fast computational speed of thguppands. Thus, we have expected that the upper subbands
EMC method. The Scattering mechanisms as Carrier-carrieaoes not appreciab|y affect the relaxation and transport prop-
exciton-exciton,  exciton-carrier,  carrier-LA  phonon, erties, and we have not included them in the simulations. The
exciton-LA phonon, carrier-interface roughness, and excitonm-plane (i) and perpendiculamtyy, ) (along the growth
interface roughness scatterings are included in the simulairection effective masses in the valence band are expressed

tiO”S-_ . . ) using Luttinger parameters,, and y,,%’
This paper is organized as follows: In Sec. Il, the simula-

tion conditions are briefly described, followed by the detailed Mp = (y2+ ¥2) " tmy,
description the screening and scattering mechanisms, and the

method of EMC simulation. In Sec. Il A, the comparison of wherem, is the free electron mass. The physical parameters
freee/hh and exciton relaxation is discussed and in Sec. Ill Bfor GaAs in the present analysis are taken from Molenkamp
the numerical results of the exciton spatial transport areet al;?® the effective mass in the conduction band
given. They are discussed in comparison with the previousn,=0.0665n,, y;=6.790, andy,=1.924.

experimental works. Conclusions are given in Sec. IV.

Mpn = (y1—27y2) Mg,

B. Screening

Il. MODEL The proper treatment of the screening is essential in the

A. Simulation conditions many-body theory of electrons with electron-electron and
Flectron-phonon interactions. There are various approxi-
]mated expressions with the different levels of
sophisticatiorf>*° Among them the random phase approxi-
mation (RPA) is most commonly used, since it predicts im-
ortant dynamical features such as plasmons, and it has ana-
tic expressions in 3D system both for the degené?aad
nondegeneraté carrier distributions. But the analytic ex-
pression for 2D system is not obtained, and we use the static
expression in the present study. The original RPA expression
of the dielectric function, which is valid in 2D for any dis-
tributions of carriers, is expressed @&e, e.g., Ref. 30

The in-plane spatial motion and the energy relaxation o
the nonequilibrium excitons are calculated in 2D space o
nondoped QW structures of GaAs, with the well width=
10 nm. The infinite barrier height is assumed throughout. Th
simulations have been performed in a circular area of radiu
10 um. The initial excitons are spatially distributed in the
Gaussian shapeCexf —4 INn2xkFWHM?)], with its full
width at half maximum(FWHM) 6 um, and their momen-
tum distribution is in the Bose distributiofwhich is essen-
tially identical to the Boltzmann distribution at the density
that we have usedwhere the exciton temperatuie, is
used as a parameter for the initial momentum distributions.

The peak areal density of excitons is %.90° cm™~2 at the e(qw)=1-V,> : ,
center of the simulation area. The residual carrigrsavy Yo ho+id+Ecq—Eq

holes of uniform areal density X10° cm~? is assumed _ o _ .
over the whole simulation area as with Ref. 19, the initia)Wheref, is the momentum distribution function of carriers,

momentum distribution of which is in the Fermi distribution, Ek iS the energy of the carrier, and the summation runs over
with the temperature the same as the latticeTat (T, all possible states of momentum.an_d spify.is the Fourier
#Tey. In Sec. lll A, we also calculate the relaxation of free transform of the Coulomb potential in 2D system:

e/hh's to compare with that of excitons. In this case, we have 5

used monoenergetic initial momentum distributions both for V.= 2me 2.2
e/hh’s and excitons. The simulation is performed in the ex- 9 gol?q '

frq—fi

(2.
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whereL? is the area of normalization, ang is the dielectric It should be noted that the expressions for the screening is
constant including the contributions from the interband elecvalid only in the homogeneous system. However, they can be
tronic transitions and from the phonons. In the staticapplied to the inhomogeneous systiroally when the char-
(w—0) and the long wavelength limig(~0), the RPA ex- acteristic length of the screening is much smaller than the
pression becomes characteristic length at which the distribution functions and
the density chang®. In the present study, the inverse of the
screening wave number is 100 nm or less, while the charac-
teristic length at which the exciton distribution changes is of

_ ) ) ) the order of 1um. Thus, we can use the locally defined
For 2D, converting the summation overinto an integral  screening in the present case. Furthermore, as described be-
over the energ§e by utilizing the parabolic band dispersion, |ow, the excitons do not contribute to the screening, but only
assuming an isotropic momentum distribution, and integratyne residual heavy holes, the distribution of which is almost

£(q—0,00=1-V, >, IME,)

(2.3
ko OJEq

ing by parts, Eq(2.3) reduces to homogeneous, are responsible for the screening. Thus, the
L2 o effect of inhomogeneity is further reduced.
s(q—>0,0)=1+2 Vq_gf(E:O), (2.4) We have not_ included exciton_s in the screening in the
P 2w h present calculations. The screening in the presence of both

charged carriers and excitons is discussed in detail by Haug
and Schmitt-Rink* in the 3D system. In the simplest case,
the dielectric function, due to excitons, are given by

which is valid for any isotropic momentum distributions of
carriers. Using Eq(2.2 and summing up spin indices, one
finally obtains

mee e(w)=eo(1+4mn$ad),
2

2 2 K
e(g—0,00=1+ f(E=0)=1+ a, (2.5

goh"d wheren and a, are the exciton density and Bohr radius,
where the screening wave numbeis defined by respectively. In the present case, this yields
2mee? =£0(1+5.6x10°2),
k="——71(E=0). (2.6 e=eo )
0

On the other hand, the dielectric function, due to the free
This expression for the dielectric function was first adoptedcarriers, is

by Goodnick and Lugf? and has been used for the EMC

studies®® We have used this expression throughout the e=go[1+0(1)].

present study. This expression means that only the carriers in

the bottom of the band contribute to the screening. Thélhus, the contribution from excitons is much smaller than
screened Coulomb interactid!ﬁ“ is thus described as that from free carriers, and we have included only the free
carriers in the screening.

of Vq 2me® [ 1
9 £(g—0,0 eoL°\q+«k C. Scattering mechanism
When the carriers from more than one band have to be con- 1. Carrier-carrier scattering

sidered, they contribute to the screening wave number inde-
pendently in the long wavelength limitq(~0).34 (Cross
terms appear when is finite) Thus, in the present case
when the conduction and heavy-hole band take part in, th
screening wave number is expressed as

The scattering between charged carriers is discussed in
this section. The-e, hh-hh, ande-hh scatterings in 2D using
the Born approximation has been discussed in Ref. 19 in
fetail and only the results relevant to the present study are
given here. The total scattering rate of an electron of a mo-
mentumk; with heavy holegmomentumk,) is given by

2mqe?
k=——7[f(E=0)+f{E=0)], (2.8
&0 2met m 27 |Feann()]?
o Wen(K) = g > (K U)J do—m
where fo(E) and f,(E) are the momentum distribution eMMIT g2hA h2E, T (q+x)% "’

functions of electrons and heavy holes, respectively. The (2.9

screening wave number is calculated by counting the number

of electrons and heavy holes at the bottom of each band iwherem, is the reduced mass, is the momentum transfer

every time step of Monte Carlo simulations. The strength offom the electron to the heavy hole, afids the scattering

Coulomb interaction is updated every time step, using thi@ngle in c.m. framef,,(k;, ) is the momentum distribution

screening wave number. function of heavy holes. The screening wave numkes
In order to obtain the full carrier dynamics in the relax- given by Eq.(2.5. q is related to the initial and the final

ation, the dynamic screening model is highly desirablerelative momentumk, andk;, and the scattering angkeof

However, the direct calculation of E¢R.1) is computation- e-hh system by

ally very heavy and beyond the reach of the present study

(e.g., see Bair and Krusius in Ref.)33nstead, the static g=k —k/, q=2ksin(6/2), (2.10

screening expression of EQ.5) is used in the following

simulations. where the relative momentum is defined by
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_ MKy —Meyky sing
My + Mg WSO o) 1 DZmg ok J 4" e 2
eLA 47 hPuplL,” Jo  eMQm/KT 1
Feenn(Q) is the form factor given by (2.12
o o mit 1 ngel\ 20 1
Feenn(d)= ledzefwdzd§e(Ze)|2|§h(Zh)|Zefq‘Zefzh‘y WeTa(k)= 4 ﬁzupLZZk 0 desmi efuQpn/kT_q 1),

(2.13

where {(z.) and ¢,(z,) are the envelope functions in the whereu, p, and D, are the velocity of sound, the mass
growth axis for electrons and heavy holes, respectively. Thelensity, and the deformation potential for conduction band,
form factor is of the order of unity when only the lowest respectively.d is the electron scattering angle in laboratory
subbands of the conduction and the heavy-hole bands afeame. A similar expression holds for heavy-hole—LA-
considered. Since carrier densities are low in the nondegenphonon scattering. Here, we assume that the phonon energy
erate region, Pauli exclusion in the final state is not considfuQ, is much smaller than the electron kinetic energy. The
ered. The similar expression holds fere scattering with z component of the phonon momentum is always set to zero
antiparallel spins. The exchange term is included when deafor simplicity, resulting in the slight overestimation of the
ing with e-e scattering with parallel spins. The total scatter- scattering rate. In the present analysis, the physical param-

ing rate in this case is given & eters are taken from Ref. 3D,=—6.5 eV,D,=3.1 eV,
p=5.3gcm 3 u=4.81x10°cm s L.
2met In the present analysis, the acoustic phonon distribution is
me’ m, ey
We.o(Ky) = —5— 72 fo(ky,0) always assumed to be that of thermal equilibrium at the lat-
eghA 1% tice temperature, and the effects of nonequilibrium phonons

emitted from the carriers are not included, since the carrier

, density and the excitation energy is low. There are several

q+x Q+x | investigations, theoretically and experiment&i®;**on the

(2.19) effects of nonequilibrium phonons on the dynamics of carri-
ers and excitons. This should be included in the case of high
density, high excitation energy.

- 2
y f 2 alFeeeém | FeeedQ)|

—ml2

whereQ is

3. Electron (heavy-hole}interface roughness scattering

Q=2k,cog0/2). The electrortheavy-holg -interface roughnes$FR) scat-

o o . ~ tering in heterostructures was given by Andbal** and
The origin of t_he exchange_effect is in the exclusion prlnC|pIeapp|ied to the transport phenomena of 2D electron gas in
between the identical particles. When the two particles argw's 4344 Here, a brief derivation is given for clarity. In the

identical, they cannot come close enough. Thus the shogell of infinite barriers, the lowest subband energy as a func-
range interaction does not work between the identical parion of well width is given by E(L,)=72A2%/(2mg, L2).
ticles. The scale at which the particle indistinguishability setsyhen the well width changes from place to place in the 2D

in can be of the order of _de Broglie wavelength. In theplane byAL(r)), the subband energy changes by
present case, when the relative momentum between two elec-

trons is 0.6 nm !, the de Broglie wavelength is 10 nm. We w2 h2AL (1))
expect that the exchange effect becomes important when the AE(r)=———3—
interaction range is equal to or less than the de Broglie

length. The interaction range defined by the inverse of thevherer| is the coordinate in 2D plane ama,, is the effec-
screening wave number is much longer in our case, arountive mass perpendicular to 2D plane. The fluctuation of the
100 nm. Thus, the exchange term has small contribution andell width can be expanded by the Fourier series as

the interaction strength between the electrons with parallel

gg:g is similar to that between the electrons with antiparallel A'-z(r\\):;“ Aqu'qH'fH_ (2.15

: (2.14

3
Mg, L

AE(r)) in Eq. (2.14 can be regarded as a potential for 2D

electrons and the-IFR scattering amplitude is given by its
The LA-phonon scattering is treated in the present studymatrix element between 2D plane wave states as

since the energy of carriers and excitons is less than LO-

phonon energy and the lattice temperature is leww30 K). ,

The 2D electrons interact with the phonons of bulk modes (K [AE(rpkp)y = meLLsAqH’ (2.1

through the deformation potential. The scattering rate in 2D ‘

can be evaluated in parallel with the exciton-LA-phonon in-wherek —kj=g;. The Gaussian correlation function of the

teraction given by Takagahara in defHilThe total LA-  well-width fluctuation is assumed, thus

phonon (wave numberQ,,) absorption and emission rates , ) 22

from the electron wittk are given by (AL(r))-AL,(rj))=A%exd (r—r)“A%], (2.17)

2. Electron (heavy-hole}LA-phonon scattering

252
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whereA and A are the amplitude and the correlation length 1 5
of the fluctuation, respectively. Using the Fourier expansion Z —>—J' der,

Eq. (2.15), the left side reduces to vo
< > Aqure‘<q-f|*q"'i>> =2 |Ag %4,
a9

the exciton wave function reduces to

9 K)=2 f(kK K)drricibil0), (220
The right side can be expanded in Fourier series, then Eq. kk
(2.17 reduces to where
: 1 2,2, / N 2 i(gK—K)-r
E |Aq‘||2equ-Ar”:E K,n.AZAZe*q”A /4e|qH~ArH. f(k,k ’K):AWQ d rF(r)e agl ) (221)
q a
Thus, the expansion coefficient is expressed as The mass ratiog, and «y, are defined by
1 2.2 me mh
2__ 2A2,—QpA“/4 = =
|AqH| —KWA Ace™9AT, e m rmy T mormy

Using this in the right side of Eq2.16), the square of matrix \We evaluate exe (or ex-hh) scattering to the lowest order,
element is written as assuming that there happens neither rearrangement of elec-

trons nor the excitations of the internal state of the exciton,
, ) ShAN2AZ 2,2, and ignoring exchange effect. The Coulomb interaction
(k[ [AE(r) [kl :We G (2189 Hamiltonian is written agspin indices are droppgd
| =z

The total scattering rate of the electron with momentuia , 1 2

N
. ., Veial &
calculated via Fermi's golden rule as 2 q %k+q%k

7qak/ak,
k,k",g#0

whereal is an operator for electrons or heavy holliafﬁf.f is

the screened Coulomb potential of E.7), where the
(2.19 screening in only due to the fre®hh’s. The scattering am-

plitude is obtained by calculating the matrix elementHf
where ¢ is the scattering angle in the laboratory frame. Thepetween the initial and the final electron-exciton states,
experimental determination of IFR parameteksand A, is |k,K) and |k’,K'). Here, k (k') andK (K') represent the
very difficult. The former is the well width fluctuation and initial (final) electron and exciton momentum, respectively.
usually one or two monolayers is assumed. The latter correfwo terms remain and the corresponding diagrams are

sponds to the typical terrace or island size in the two-shown in(a) and(b) of Fig. 1. The term described bi) is
dimensional plane. In the present simulatiofiss 0.283 nm

(one monolayerand A is 10 nm unless otherwise stated. In E
this model, since the infinite barrier height is assumed, the

doe™ kﬁ/\zsinz( 612)

’7T4ﬁA2A2me” 2m
We-irr(K)) = —f

2 16
Zm,ﬂ_LZ 0

Vof* (1,12, K) (ke ko, K) 8k 1 +1,

kq,ko 14,1
IFR scattering is somewhat overestimated compared with the 1
realistic well of a finite barrier height. X 8k, +ky O, —k, Ol Kyt
4. Exciton-electron (heavy-hole) scattering This term can be evaluated by using E§.21) and convert-

ing the summation over momenta into the integral. Evaluat-

We derive here the exciton-electrgax-e) scattering to ing two terms(a) and (b), the matrix element is given by

the lowest order. The exciton wave function in the ideal 2D
system ¢ dependence ignorg¢ds written as , Vqu , ,
<k3_QIK+q|H |k31K>: AZ jd rlF(r)|

X[eiahq-r_e—iaeq-r]_

1 )
Ky=—> eKRE(r,,r)ci bl |0),
| > \/Kre,rh ( e h) le rhl >

whereK andR are the center-of-mass momentum and coor- (2.22
qinate’ resTpectTive!yF is the wave function of reIaFive mo- Using the internal wave function of the lowest energy,
tion, andcre (b,h) is the electronheavy-hole creation op- s-wave exciton;F(r)=2av0e‘“’/\/§, wherea is the in-
erator in the Wannier representation. The wave function caerse of the Bohr radius, E¢2.22) reduces to
be rewritten in the Bloch representation, using the relation

VqN2 4a2v(2)

1 _
T_ —ik-rgat A% 2
o N & m

f rdr dg e 2*[elond’— g iaed ],
(2.23

whereN is the number of unit cells in the ardg A=Nv,  This expression can be integrated by using the generation
(vg is the area of the unit cell Converting the summation function of the Bessel function, and one finally obtains for
over lattice sites into the integral by the matrix element



k3'q K'=k1 +k2+q k3-q K'=k1 +k2+q
—» 9 > q
e el [h e e| |h
k3 K'k1 +k2 k3 K=k1 +k2
() (b)
k1-q ko k3+q kg4 k4 k2-q k3 k4+q
— q —> q_

e h e| |h e h e| |h
k1 ke k3 ki ko k3 k4
Kg=K1+ko Kp=k3+kg Ko=k{+ko Kp=ka+kg
(©) (d)
k19 ko kg kg+q ki ko-a  Kkz+q kg
. 9 — 4
e h e h e h e h
ki ko k3 k4 Ky ko ks ks
Kokt Kp=ka+ks Ko=k+ka Kg=katky
(e) (f)

FIG. 1. The diagrams calculated in the exciton-elecffan (b)]
and in the exciton-excitof(c)—(f)] scatterings.

(kg—0,K+q[H'[ks,K)

1
=Vq ang| 22 PIREAS (2.24
1+ 1+
2a 2a

The total scattering rate of an exciton with electréhsavy
holeg can be calculated with the Fermi's golden rule as

2 me'm
Wexen(K)= 73 22 2 feh<k>f A0 o2

q+ (gq+x)?
" 1 1 2
2732 2732 |
ap( aeq
1+ Z) [14—(%)
(2.25
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FIG. 2. The comparison of electron—heavy-hole, exciton-heavy
hole, and exciton-exciton scattering rates plotted against momentum
transferq.

5. Exciton-exciton scattering

We can derive the exciton-excitgex-eX¥ scattering in a
manner similar to ex scattering described in the previous
section. The relevant diagrams are showfcjr-(f) of Fig. 1.
The total scattering rate is given as

2 27 1
exe)(K) 1 ﬁ3 2A2 fex(K,B fo dam

" 1 1 4
2732 2732 ’
apq aegq
+| == +
1 Za) {1 ( Za)

(2.2

whereK,, is the momentum of the excitom; is the reduced
mass of two excitons, anid,(K) is the momentum distribu-
tion function of excitons.

Comparing the exciton scattering rates, Ej25 and Eq.
(2.26), with the electron scattering rate, EG.9), they show
large differences in their magnitude agdiependence. Fig-
ure 2 shows the plots of the scattering rates of the three
processes vg. The e-hh scattering rate is forward peaked,
and is larger than other two processes by several orders of
magnitude. The magnitudes of ex-hh and ex-ex scattering
rise with g and reach the peak gt=0.15 and 0.20 nm?,
respectively, and are much smaller tharhh scattering.
These features of scattering mechanism lead to the striking
difference in the relaxation and transport between electrons
and excitons, as described later.

wherem, is the reduced mass of an exciton and electron

(heavy holg f (k) is the momentum distribution function
of electrongheavy holel andk is the screening wave num-
ber defined in Eq(2.6). The scattering anglé is related to
the momentum transfer and the relative momentum, as
q=2k, /sin(#/2). The exciton Bohr radiug ! is estimated
to be 12.5 nm from the variational calculatith.

6. Exciton-LA-phonon scattering

There is a detailed theoretical study of Takagaffaca
the exciton-LA-phonon interaction and only the results rel-
evant to the present calculations are shown here. The total
exciton scattering rates for the phonon absorption and emis-
sion processes have similar forms to the electron case as
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1 (De—Dpp)?m Density
WEERK = 5 o 2K :
|
.0
o sin;
XJ;) dﬁm, (2.27
. 1 (De—Dpn)’my
mit _ € €
ex-LA(k)_ A ﬁZUPLZ 2k

2n 0 1
X o daSII’E m'ﬁ‘l , (2.28

where the notations are the same as electron-LA-phonon
scattering. FIG. 3. Schematic diagram of the simulation area. The initial
excitons are generated in the Gaussian shape with FWHMn6
7. Exciton-interface roughness scattering They gradually spread out to the surrounding area with the density

The exciton-IFR scattering is deduced from the electron_dlstrlbutlon described by the solid line. The simulation areaius

. . - 10 um) is divided into concentric circular regions withm step,
IFR Scatterlng. USIng the mgtrlx glement of 36'18)’ the and the average carrier density at each region is used in the evalu-
electron-IFR interaction Hamiltonian can be written as

ation of carrier scatterings.

TH2AN oo [ 1 . ) U
lFR= 2 —ama—e At ’2(—cl +q.Ck that, since the continuous density distributiolid line in
K AL Me, 7 Fig. 3 is approximated by the steplike one, the difference of
1 the scattering rates between the particles near the inner
+ —bE +qPk ) (2.29 boundary and the outer boundary of the region is neglected.
Mppy 55 Thus, the spatial distribution of particles calculated in the

wherec' andb' are operators for an electron and a heavypresent method is only valid in the length scale larger than

hole, respectively. The derivation is similar to the case of thd"€ region size. The range of the Coulomb interaction, deter-
e-IFR scattering and the total scattering rate is given by mined by the inverse of the screening wave num_ber,_ is of the
order of 100 nm in the present simulations, which is much

WAﬁAzAzmew 1 1 )2 smaller than the region size. _ _
Wey irr(K) = — = In the present study, ten or 20 simulation areas, as men-
2L; Mer  Mhn tioned above, are prepared and simulated simultaneously.
20 20 The physical information is obtained by taking their en-
xf dgeKjA*siPor2, (2.30  semble average. The number of particles is 78 600 when 20
0 simulation areas are used. The time step of simulations are 5
D. Simulation method fs for freee/hh’s and 12.5 fs for excitons. We have confirmed

that the time step is much smaller than the scattering interval

~ The EMC simulations irk space have bfe” widely used gng that the simulation results do not change by further re-
in the analysis of photogenerated carrtéré*and reviewed ducing the time step.

in Ref. 15, and the detailed technique is not repeated here. In

order to trace the distributions of the particlesrirspace

within the frame work of thek-space EMC method, the [ll. RESULTS AND DISCUSSION
simulation area is divided into ten concentric circular regions
as shown in Fig. 3. In each region, the average particle den-
sity and the momentum distribution function are calculated It is expected that the scattering frequency and thus the
in every time step and thie-space EMC simulation is per- energy relaxation is different between fre#hh's and exci-
formed, independently from other regions, with the scatterions reflecting the different magnitude of scattering pro-
ing parameters corresponding to the average derifiter-  cesses. To see this, the frequency of each scattering process
particle scatterings are affected directly through theiris counted from 0 to 15 ps both for electrons and excitons.
dependence on the density and indirectly through the chandeor e/hh’s, the simulation is done in the monoenergetic ini-

in the screening wave number. Other scatterings are also afial momentum distribution, with the excitation energy 10
fected indirectly through the change of the momentum dismeV above the band gafthe excess energies is 6.34 meV
tribution of particles. The positions, as well as the momenta, for electrons and 3.66 meV for heavy holés the presence

of particles are updated after each time step. A particle canf residual hh's at the lattice temperature 5 K. The spatial
move to the neighboring region, thus the particle density, andistribution is in the Gaussian function with FWHM/n as
consequently the scattering parameters, change every tinwgth excitons. The similar simulation is performed for exci-
step. This technique allows one to trace the time evolution ofons assuming that they were generated monoenergetically at
both the spatial and the momentum distribution of particleslO meV. Notice that this is physically not realistic, because it
with relatively low computational load. The disadvantage isis not possible to optically generate excitons except at the

A. Electron and exciton relaxations



53 MONTE CARLO SIMULATIONS OF THE SPATIAL TRANSPOR. .. 7329

1.0x10"
Electron
P - e 1.5x10°2
R 0.8 -0~ e-hh
P —— Interface roughness
© s Electrons
5 0.6-] g 0-15ps
o : 2 1o
o o ¥____
o o H ———
23 0.4 3 ]
£ = X
E C Wé 2 05 N
3 0.23 ’ u
(2] o900 o o 000 o009 Z
0.04 &
S  Exciton 00 J J T 1
3 I 0.00 0.05 0.10 0.15 0.20 0.25
- OO Momentum (nm)
L‘f/ 10 3
% —eo— exciton-exciton
kS E -0 exciton-hh 1.2x102 )
© : Excitons
& 10" . —— Interface roughness 0-15ps
g 1.0
] ! \
£ 10 1]
g 10" 4 é 0.8 WA
© c
O (=3
€D = 0.6 i
9 a
107 = T T T T T T T £ i &
0 2 4 6 8 10 12 14 a 0.4 ]
Time (ps) [
0.2
. . [~
FIG. 4. The numbers of scattering events per particle per second f— %
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energy 10 meV and at 5 K. Notice that in the lower case, the data

. N Momentum (nm'*
are plotted in the logarithmic scale. (om)

b f the band d h FIG. 5. The time evolution of the momentum distribution func-
_ottom .O the band due to the energy-momentl_Jm consenvgi, g for (a) electrons andb) excitons, from 0 pgnear side-15 ps
tion. It is calculated to show the remarkable difference be'(far side with the time step 1 ps. The initial excitation energy is 10

tween the electron and e>_<citon rellaxation dqe to the differiey and the lattice temperature is 5 K.
ence in the magnitude of interparticle scatterings.

Plotted in Fig. 4 are the numbers of scattering events peevolutions of the momentum distribution functions. Figure 5
particle per second. For electroeshh, e-e, ande-IFR scat- shows the distribution functions of the initial 15 ps. The
terings are of the similar magnitude ofx110'> s~1. (The electrons, initially generated at 0.105 Afh(= 6.337 meV,
frequency thee-LA-phonon scatterings is several orders of relax rapidly, and approach the thermal distribution described
magnitude smaller than those plotted hefiée e-hh scatter- by the Boltzmann distribution functiofwith the electron
ing frequency increases in the initial few ps, reflecting thetemperaturdl,) at 15 ps. This is due to the high rateeshh
rapid energy relaxation of electrons: When the electrons havande-e scatterings which are quite efficient in redistributing
larger momenta and there are many residual hh’'s with verkinetic energies among electrons and heavy holes. It should
small average momentum just after photogenerat®ehh  be noted that both the electrons and the heavy holes are in
scattering is less frequent, because it favors the small maquilibrium, with the same temperatufg. (The thermaliza-
mentum transfer. tion with the lattice is achieved through the interaction with

The exciton scatterings plotted in the lower part of Fig. 4LA phonons. But this process is quite slow, more than two
show different featuregNotice that they are plotted in loga- orders of magnitude lower thae-e scattering. Thus, the
rithmic scale). While the ex-IFR scattering is as frequent aselectron temperature is larger than the lattice temperature at
e-IFR scattering, the interparticle scatterings as ex-ex anthis stage. On the other hand, the exciton distribution does
ex-hh scatterings are more than two orders of magnitudeot change appreciably in the time scale shown here. The
smaller than those of electrons. This is due to the small scaex-IFR scattering, which is the dominant process for exci-
tering rates of excitons as shown in Fig. 2. Thus, the contritons, is an elastic scattering, and does not change the kinetic
butions from the interparticle scatteringand LA-phonon energy(or the magnitude of momentynof excitons. Thus,
scatterings, which are not shown in Fig.id very small. The the energy relaxation is induced only through very slow
dominance of IFR scattering in excitons is in agreement withex-hh and LA-phonon scatterings. Another feature attributed
the analytic calculations of Basu and Réy. to the difference of the scattering processes is that the elec-

The difference of the interparticle scattering rates in freetron transport would depend on the density, while the exciton
e/hh and exciton system has a significant effect on the timéransport would not.
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momentum distribution is in the Bose function WmX: 30 K and FIG. 7. The FWHM of the exciton Spatlal distributions from 0 to
the lattice temperature at 5 K. 500 ps with the initial exciton temperatures changed as a parameter.
The lattice temperature is fixed at 5 K. The FWHM is obtained by
B. Exciton transport for 500 ps fitting the Gaussian function to the spatial exciton distributions cal-

. . .. _culated in the simulations. The FWHM of the simple diffusion
The spatial transport and the energy relaxation of excitong, yqel withD = 30 cr? s~ is also plotted for reference.

have been calculated up to 500 ps. Here, the initial excitons
are in the Bose distribution with the temperatdig, while ~ Here,(v) is an average velocity andis a mean free path. If
the initial residual heavy holes are in the Fermi distributionexcitons were to go through diffusive motion with a constant
atT, in equilibrium with the lattice. Figure 6 shows the time diffusion coefficient and the initial spatial distribution were
evolution in the momentum distribution functions of excitons Gaussian, they would spread with tirheetaining Gaussian-
up to 500 ps with 25 ps step, &= 30 K and the lattice shaped distribution with its FWHMJ given by
temperature is 5 K. Because of the low scattering rates of/16In2xDt+FWHM(0)?. We have also plotted this curve
ex-ex, ex-hh, and ex-LA-phonon processes, the energy relawvith the diffusion constant 30 cfs™! in Fig. 7 with a
ation is slow, and the excitons do not reach the thermal equibroken line for reference. The FWHM with a constant diffu-
librium with the lattice even at 500 ps. Thus, the analyticsion coefficient is almost linear in the scale of Fig. 7, in
calculations of the exciton transport, which assume the moeontrast to the sublinear trend of the simulation results. This
mentum distribution in equilibrium with the lattice, can un- can be interpreted that the diffusion coefficient decreases dy-
derestimate the diffusivity in the earlier stage. namically due to the reduction of the average velocity. This
We have obtained the FWHM of the exciton spatial dis-is because the initial exciton temperatures are higher than the
tribution by fitting the Gauss function to the distribution cal- initial temperature of residual hh's or the lattice, and the
culated from the simulations. Figure 7 shows the time evoexciton temperaturéand their average velocitydecreases
lution of the spatial sprea¢FWHM) of excitons at several through the ex-hh and ex-LA-phonon interactions. The dif-
initial exciton temperaturesT(,= 10 K—90 K) from 0 ps to  fusion coefficient of the initial stag€d—25 p$ is 180 cnt s
500 ps when the initial residual hh‘and the latticgare at 5 ~1for Te= 90 K, while it reduces to 5 cths ™! at 475-500
K. The fitting uncertainty in FWHM is around 0.03m. The  ps.
calculations show that the excitons spread faster when the In Fig. 8, we have plotted the spatial spread of excitons
initial exciton temperature is higher. This trend can be easilywhen T, (the initial residual hh temperature and the lattice
understood when we remember that the dominant scatteriigmperaturgis varied. In the upper plot, wheR, (30 K) is
process for excitons is the ex-IFR scattering. The ex-IFRarger thanT, (5 K) (solid curve, the FWHM is sublinear,
scattering probabilityf Eq. (2.30] does not depend on the reflecting the cooling down of excitons by the residual hh's
exciton density and is weakly dependent on the exciton moand the lattice. Whed =T, = 30 K (broken curvg the
mentum. Thus, the the mean free path of excitons, due to theWHM increases linearly, because there is no net energy
ex-IFR scattering, is similar at any place in the simulationflow among excitons, residual hh's, and the lattice. Actually,
area and does not vary significantly during the simulationin this case, the FWHM evolution can be reproduced by the
from 0 to 500 ps. In this case, the transport is essentiallgimple diffusion model with a constant diffusivitp = 19
determined by the velocities of excitons, with which theycm? s~ 1. On the other hand, in the lower plot, when the
travel during consecutive IFR scatterings. Since the averagdattice temperatur¢30 K) is higher than the initial exciton
velocity is directly related to the exciton temperature, thetemperaturg10 K) (broken curvg the FWHM evolution is
transport becomes enhanced with the temperatures. This alsaperlinear, because the excitons are heated by the residual
means that, in the short time scale where the exciton temhh’s and the lattice.
perature is virtually constant, the transport can be regarded as In the calculations above, the IFR parameters were fixed
diffusive motion characterized by the instantaneous diffusior{A =0.283 nm,A =10 nm). We have done further calcula-
coefficient, D=(v)\/2, over the whole simulation area. tions to investigate how the interface roughness affects the
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FIG. 8. The FWHM of the exciton spatial distributions at the  FIG. 9. The FWHM of the exciton spatial distributions at dif-
lattice temperature 30 K witfig,= 30 K (uppe) and 5 K(lower). ferent interface roughness parameters: the correlation lehgtb-
pendencdupped and the width fluctuatiolh dependencélower).

transport phenomena. In the present model, the interface
roughness is characterized by the two paramet&rsgnd  Thus, we should have started simulations from fedeh’s
A. The former designates the typical lateral size of terrace oand handled the exciton formation process properly. How-
island in the 2D plane of QW's, while the latter indicates theever, though there are several experimental studies on the
terrace height. There are several experimental investigatiorexciton formation timé®—>2to the best of our knowledge,
to observe the interface structures in QW4%*8but it is  the theoretical formation model is not available. Here, we
still a controversial problem. We have used several typicatan compare the simulation results with experiments with the
values of the parameters in the simulations. Figure 9 showsimilar carrier density conditions only in qualitative manner,
the FWHM of excitons aff,= 90 K andT = 5 K. Inthe  assuming that if the initial excitation energy is higher, the
upper plot, the calculations with = 5, 10, and 20 nm are resultant exciton temperature is also high. In Refs. 5,11, the
compared. 4 is fixed at one monolayer, 0.283 nfhe dif-  experimental diffusivity decreases with the excitation energy.
fusion coefficient obtained by fitting to the simple diffusion The trend agrees with the present simulations. As for the
model at the initial stag€0—25 p$ is 100, 170, and 250 sample temperature dependercé!®!! the experimental
cm? s~ for A = 5, 10, and 20 nm, respectively. The lower diffusivity decreases with sample temperatures down to 20
plot shows thel dependencéone monolayer, 0.283 nm and K, which also agrees with the simulation results if we as-
two monolayer, 0.566 njrof the transport when is fixed at  sume that the exciton temperature becomes lower with the
10 nm. The initial diffusion coefficient is 170 and 60 sample temperatures. However, below 20 K, Refs. 10,11 re-
cn? s 1, respectively. These results show that the transporport the increase of the diffusivity, which is not observed in
strongly depends on the IFR parametighe spatial spread is the other experiments. Our simulation results do not repro-
faster when the lateral terrace size is larger and the terraaguce the diffusivity enhancement below 20 K. The origin of
height is lowey, and thus the transport properties would varythe enhancement is not understood yet.
from sample to sample depending on the growth conditions. For the case of very lower exciton energy, we have to
We shall discuss the limitations of the present model withconsider the validity of the present IFR scattering model. In
regard to the realistic situation in the experiment. The experithe ex-IFR scattering, an exciton is treated in a plane wave
mentally observed diffusion coefficients vary widely from a mode, extending over all 2D plane. However it is experimen-
few cm? s~ to several hundreds of ¢frs ", depending on tally observe&f*’ that excitons become localized in the po-
the experimental conditions such as sample temperatures, ebential minima of the interface roughness in 2D plane with
citation energies, carrier densities, and the sampl¢he reduction of the in-plane kinetic energy. The localized
structure$~>8-13The direct comparison of the present simu- excitons can still migrate in the 2D plane by phonon-assisted
lations with the experimental observation is difficult becausehopping or variable range hoppittigy the very low tempera-
in experiments, free electrons and heavy holes are initiallyureg. This causes the significant slowing down of the
photogenerated, then they form a bound system, excitonsliffusivity.>® The present model does not include this effect.
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This becomes important when the exciton temperature gets The transport of excitons is essentially determined by

sufficiently low by emitting phonons. their average velocity, because the IFR scattering is weakly
dependent on the exciton distributions and the effect of other
IV. CONCLUSIONS scattering processes is negligibly small. Thus, the exciton

) L transport can be regarded with its diffusion coefficient vary-
The time dependence of the spatial distributions of NONjng with time. The diffusion coefficient, which is propor-
equilibrium excitons was obtained using the ensemble Montggnal to the average velocity, varies through the energy ex-
Carlo simulations including the interparticle scatteringschange with residual hh's and lattice. The spatial transport is
(ex-ex, ex-carrier, carrier-carrier LA-phonon emissions/  gtrongly dependent on the IFR parameters; the lateral terrace
absorptions, and the IFR scatterings. The simulations shoW;e A and the terrace height. The transport is quenched
that the dominant scattering process for excitons is the eXyhen the terrace size is smaller or the terrace height is
IFR scattering, in contrast to charged carriers for which theyigher. This means that the exciton transport properties are

carrier-cgrrier scatterilng is most significant. The difference okgnsitive to the interface structures, and thus, to the growth
the dominant scattering processes affects the energy relaxyngitions of QW's.

ations: Thee/hh system approaches the quasithermal equilib-

rium among carriers very rapidlyin few picoseconds
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