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Effect of exciton-carrier thermodynamics on the GaAs quantum well photoluminescence
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In order to explain the power-dependent temporal behavior of the photoluminescence from free excitons in
a GaAs quantum well following a short optical pulse, we consider the excitons and free carriers to be a nearly
ideal gas in thermodynamic equilibrium. The temperature of the gas, which decreases in time after the pulse
due to cooling by phonon emission, can be measured experimentally from the free-carrier recombination
luminescence. Because only excitons with near-zero kinetic energy can luminesce, the photoluminescence
intensity depends on the excitonic-gas temperature. Due to the law of mass action between excitons and free
carriers, the photoluminescence intensity of excitons also depends on the density of the gas, which decays in
time. Using the known binding energy of excitons, we find that the density-dependent temporal behavior of the
photoluminescence is consistent with a simple thermodynamic equilibrium between excitons and free carriers.
[S0163-182606)11527-1

INTRODUCTION scattering times are much shorter than the thermal relaxation
times?

Excitons in quantum wells, as a consequence of their two- In a practical sense, the principal aim of our present study
dimensional confinement, have increased binding energids to understand the behavior of the time-resolved exciton PL
and enhanced oscillator strengths compared to excitons #tensity with varying excitation energy and density. Such
bulk materials. In GaAs quantum wells, the most prominenpbservations bear directly on the kinetics of the photoexcited
features seen in the optical spectra arise from excitonic efarticles. Consistent with earlier studiesye have found,
fects, and many spectroscopic studies have been conductéitft after a short pulse, the time delay to the peak of the
to determine the homogeneous linewidths, the intrinsic life-xcitonic-PL intensity increases with excitation power. This
times, and excitonic ionization times, for example. Past studeffect is illustrated for our sample in Fig. 1. Such changes in
ies of the time dynamics of excitons can be broadly categothe exciton PL have been empirically characterized by a rise
rized into resonant and nonresonant excitation studies, sindéne t,, which is defined as the time interval between the
they probe different properties of excitons. Under conditionseXcitation pulse and the time of the highest PL intensity. The
of resonant excitation and low temperatureq K), the dy-  rise time was found to depend upon the “excess energy”
namics of excitons have been shown to be governed by spi@iven to the photoexcited pairs by the laser, defined by
and momentum relaxation of excitohslowever, under con- AE=7wjaser E p, With fiwpaserthe incident photon energy
ditions of nonresonant excitation and high temperatures, thand Eyy the band-bottom energy for the heavy-hole exci-
exciton temporal dynamics are different, since spin splittingons. The study by Kusaret al® foundt, = 150 ps for near-
is not important and the kinetic energy of excitons can bgesonant excitation with an excess energyAd=5 meV,
comparable to the Coulombic binding energy of excitonsand an increase in the rise time tp=400 ps with an
Despite the numerous studies of excitons using photolumi-
nescencePL) spectroscopy.>®the “gas kinetics” (e.g., 3000

interconversioh of excitons and free carriers, and its effect ’y} ' I ' ' T;ath=8.l5K

on the time dynamics of the exciton PL intensity, have not 5 2500 | AE=15.1meV -

been described. In this paper we show that significant = pair densities

changes in the decay of excitonic PL as a function of density & 2000  [\i¥ W% 5.0x10""/em® ]

and excitation energy can be understood in terms of a ther- E __________ 2.5%10'%/cm®

modynamic equilibrium between excitons and carriers. o 1500 | gy v v 1.0x10" % /em” ]
Past studies with time-resolved PL have shown that the = -~ 25x%10°/em®

thermal ionization of excitons into electrons and holes & 1000 - — 5.0x10%/em® ]

should be considered in any description of exciton>FHx- 3

citation with photon energies greater than the band-gap en- & 300 il

ergy leads to the formation of carriers with temperatures = o

greater than the lattice temperatures; indeed, the initial ther- 0 1000 2000 3000 4000 5000 6000

mal energies of carriers can greatly exceed the exciton bind- Time (ps)

ing energy. Carrier temperatures have been measured from

the energy dependence of the PL associated with band-to- F|G. 1. Time-resolved heavy-hole exciton PLTag.=8.5 K,
band recombination of free electrons and holes. At sufficienivith excitation at 15.1 meV above the heavy-hole exciton energy.
densities it is reasonable that the exciton temperature is equghown are PL intensities for various excitation densities ranging
to the measured carrier temperature because interparticieom 5x 1®/cm? to 5x 10'%cm?.
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increase in excess energy A== 30 meV. However, a fur- dence of the thermodynamic equilibrium of excitons and
ther increase in the excitation energyAd& =150 meV did  biexcitons in GaAs quantum wells has been repottelh

not increase the rise time beyond 400 ps. This study als@aAs quantum wells, the temperature dependence of exci-
found an increase in the first moment of the temporal profiledonic recombination times has been described in terms of the
with increasing excess energy. Other experimenters havdermal equilibrium between excitons and free electrons and
also reported increases im, with increasing excess holes!?® From the thermal ionization of excitons in 70-A
energies:’ GaAs quantum wells excited by a helium-neon laser,

Previous reports have also shown that changes in the PColocci, Gurioli, and Vinattieff* have shown that the two-
rise time occur with fixed excitation energy and varying ex-dimensional law of mass action is followed from300 to
citation density. Ecclestoet al.” reported that with 2.4-meV 106 K. They ascertained an exciton binding energy of 12
excess energy the rise time decreased from 150 ps at aneV from the PL data by applying the two-dimensio(&iD)
excitation density of 10cm? to ~70 ps at an excitation law of mass action, in good agreement with the calculated
density of 18%cm?. In contrast, Dameet al® found that at  binding energy.
excess energy of 47 meV the rise timesreasedfrom In order to determine if there is a chemical equilibrium
~200 ps at<5x 10°/cm? to ~400 ps at 5<10'%cm?. The  between excitons and carriers, one must be able to measure
lack of consensus on the behavior of the rise times suggesksth the carrier temperature and density at each point in
that the temporal dynamics of the exciton PL depend crutime. The time-resolved carrier density is not simply related
cially on the initial excitation conditions, and may also beto the PL intensity if the effective volume occupied by the
sample dependent. In this paper we attempt to determine thgarticles changes in time. This is a particularly important
factors needed to understand this density-dependent am@nsideration when the excitation beam is focused on a small
pump-energy-dependent time evolution of the exciton PLregion, allowing one to obtain higher densities but also
We aim to learn about the cooling and kinetics of the excitorbringing patrticle diffusion into play: the effective volume of
gas from such studies. the excitonic gas may expand in time, and the particle den-

Previous studies of time-resolved exciton PL have takerity is proportional to PL intensity/volume. Only recently
two different approaches. Both approaches reasonably akave studies taken into account the time-resobgatial dis-
sume that only excitons with in-plane wave vectors neatribution of photoexcited carriers. In our present studies, we
k=0 can radiatively decay. This assumption automaticallymake use of our previously reported spatial transport mea-
implies that variations in the energy distribution of excitonssurements on the same sample.
will affect the temporal profile of the PL. In model 1, the In addition to gas volume, we must determine the gas
energy levels in the excitonic system were empirically modtemperature. We find that the PL spectra consist of the free-
eled by three level3® The excitons are separated irkés0  exciton components plus recombination radiation of free
and k=0 excitons, and excitons witk#0 must relax to electrons and holesometimes referred to as the “plasma”
excitons withk=0 before they can couple to photons. This starting at the band-gap edge. The center of the excitonic
model has two time parameters and p, where 7, is the  peak is separated in energy from the band-to-band electron-
time for the relaxation of excitons witk# 0 to relax into the hole luminescence by the exciton binding energy. We deter-
k=0 state, andrp is the time for exciton ak=0 to radia- mine the carrier temperature from the high-energy slope of
tively decay. The model can account for the general featurethe electron-hole recombination spectrum. At our excitation
of the time-resolved exciton PL, but does not make connecdensities, we reasonably assume that the free carriers and
tions between, and physical parameters such as carrier denexcitons acquire the same temperature due to rapid interpar-
sity, temperature, and energy distribution. ticle collisions.

The second model more directly related the time depen- The temporal decay of the carrier temperature depends on
dence of the excitonic PL to changes in the energy distributhe initial pump energy, the bath temperature, and initial
tion of excitons’® Excitons were assumed to have a Boltz- photon density. For excitation with photon energy in excess
mann distribution, and only excitons within an energy widthof the heavy-hole exciton energgonresonant cagewe find
E, of k=0 couple to photon®.The time evolution of the that for Tg,=40 K there is a rapid cooling approximately
exciton luminescence intensity was described in terms of thdescribed by a time constant=40 ps, which is near our
excitonic energy distribution. Neak=0 the distribution instrumental resolution. FOFg,,<<40 K, the carrier cooling
function at low temperatures has a greater value than as described by a fastr{<<40 p9 component and a slow
higher temperatures, so as the excitonic temperature coo(s,~2 ng component. By analyzing the energy-loss rate as
with time, the peak of the exciton PL intensity occurs at aa function of the carrier temperatures, we infer that the fast
time later thant=0, also dependent on the recombinationcomponent is due to LO-phonon emission, and that the
rate. slower cooling is associated with acoustic-phonon

In our work we take elements of both of the above de-emission®
scriptions, but we also attempt to predict the energy evolu- We describe the thermodynamics of the excitonic gas in
tion of the excitons by considering the thermodynamics beterms of a two-dimensional ideal-gas model in which the
tween excitons and free carriers. The thermodynami@xcitons exist in equilibrium with free electrons and hdies.
behavior of excitonic matter has been extensively applied téVe restrict the number of excitons which can emit photdns
semiconductors with longer excitonic lifetimes, such asto an energy widtle; nearE=0. We use this model along
electron-hole liquid in Ge and Si, and excitons infQu The  with the experimentally measured time-dependent carrier
thermodynamics of excitons and excitonic molecules in Siemperatures and densities to fit a representative temporal
was examined by Gourley and Wolf2More recently, evi- profile of the exciton PL. The calculated PL intensities de-
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termined in this way are found to be weakly dependent on
the magnitude of exciton binding energy, but they are
strongly dependent on the carrier cooling and carrier expan-
sion rates.

A good correspondence between the calculated exciton
PL intensities and the experimentally measured intensities is
found by varying the initial carrier temperatures, the carrier
cooling rates, and the spatial expansion rates. We conclude
that the initial carrier temperature rises as the excess energy o L A S N S
is increased, in agreement with a previous sttfdgn in- 1.52 1.53 1.54 1.55
crease in the initial carrier temperatures with excitation en- Energy (eV)
ergy presumably arises from the larger excess kinetic energy (b)
of photoexcited carriers. Also, the volume expansion rates HH1-CB1 HHZ-CB2
increase with increasing excess energies. At a fixed excess
energy of 15.1 meV, we find that good fits of the exciton PL
are achieved if the carrier cooling rates are slowed with in-
creasing excitation density.
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EXPERIMENTAL ASPECTS

The GaAs/AlGa; _,As multiple-quantum-well structure 10
studied here consists of 30 periods of 210-A GaAs wells and
100-A Al ;Ga, -As barriers. The GaAs substrate is removed
in a 0.5-mm window by selective etching, so that absorption
and PL spectra may be recorded in the same region. The
sample is placed in an optical cryostat to maintain the tem-
perature from 5 to 300 K. The excitation region is focused on
a region as small as Am by means of an achromatic lens
inside the cryostat. For PL measurements, the optical excita-

PL Intensity (arb. units)

. : : . 1.52 1.53 1.54 1.55
tion axis may be shifted laterally relative to the spectrometer Energy (eV)

optical axis by refractive displacement of the excitation
beam through rotatable glass blocks at a focal point prior to
entering the cryostat. Additional experimental details are dis-

FIG. 2. (a) Absorbance spectrum of the GaAs quantum w@).
Diagram of the exciton and electron-hole band-to-band density of

cussed in Ref. 15.
. . .. states(DOS). (c) Semilogarithmic plot of the PL spectrum taken at
Time-resolved PL measurements are obtained by eXC|tarBach 72 K. The curves are Gaussian fits to the exciton lumines-

tion with a _3-ps laser pulse and deFec_:Uon with a.Hamam_cence, and the line shows the slope of the band-to-band recombina-
matsu multichannel plate photomultiplier tube, using time-son givi _

: o , giving Te.n =72 K.
correlated photon counting. The light is dispersed byma

spectrometer with reduced mirror width, so that empiricallyOCCLIrS onlv neak=0. In contrast. the band-to-band recom-
we obtain a~36-ps time resolution. For the best spatial reso-_.” . y o ’
bination process in which a free electron and a hole recom-

lution, the luminescence is restricted by a Ovdiameter bine and emit a photon occurs for all values of momenta. For

pinhole placed at the focal point of the collection lens, which : .
! ; . nondegenerate electrons and holes in a 2D potential well, the
is then reimaged onto the entrance slit of the spectrometey. . . . S

i ) uminescence intensity for band-to-band recombination is
The measurements of spatial expansion are taken from the

1
previously reported resuli@®ef. 15. By the use of the con- given by

focal technique we are able to obtai3-xm resolution. l(hw)xa(ho—Eyffo)fn(fio), (1)
where a(iw—Ej) is the step function denoting the density
CARRIER TEMPERATURES FROM BAND-TO-BAND of states, and4(% w) andf,(% w) are the Fermi distributions
RECOMBINATION for electrons and holes. For nondegenerate systems the dis-

An important aspect of our experiments is the determinazr'bu“on function becomes simply the Boltzmann distribu-

tion of the carrier temperature as a function of time. Sincd'on- If the temperature of th'e eleqtrons and holes are as-
interparticle scattering leads to the establishment of a conUmed to be equal, then the intensity reduces to
mon temperature between excitons and free carriers within 1 _ —(ho—Eg)/kaT
ps at the densities used here, we use the term “carrier tem- l(hw)*a(fio—Eg)e ( e, 2
perature” to refer to the temperature of both spe¢feshe  One can see from E@) that the band-to-band luminescence
carrier temperatures are determined directly from the slop& described by a simple exponential, the slope of which in a
on a semilogarithmic plot of the band-to-band recombinatiorsemilog plot provides a direct measurement of the carrier
spectra’ temperature.

It is not possible to measure the carrier temperatures from Figure 2 is a comparison of the experimental absorption
the heavy-hole exciton line because exciton luminescencsgpectrum with the PL spectrum. In Fig.a2, the two lowest-
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5 = 1 FIG. 4. The temperatures derived from the high-energy tail of
103 L t=1.5ns | IS
a 3 the luminescence dt=1.5 ns after the excitation. The bath tem-
5 peratures are measured with a silicon diode sensor attached to the
~ 102 sample mount.
B E 3
ﬁ ; § : heavy-hole exciton energy is due to excitons bound to de-
s - —19K+3K . fects. In Fig. 4, we plot the spectroscopic temperatures de-
5 ; . T,,=19K+ : g p ,
= 10 F g E termined from the band-to-band luminescence. For bath tem-
= E .
: i (b) peratures above 30 K the carrier temperatures at 1.5 ns are
SRS | N equal to the bath temperatures, but, below 30k, remains
1.52 153 154 above the bath temperature. The source of this elevated tem-

perature is not determined in our study.
The time dependence of the carrier temperatures is ob-
FIG. 3. PL spectra taken &) Tay=40 K, and(b) 8.5 K. The tained from a series of time-resolved PL spectra. Two ex-
. . ath— y . . . . .
Gaussians are fits to the heavy- and light-hole excitons. The terrf'j-‘mpIeS of the temperature decay are shown in Fig. 5, which

peratures measured from the slope of the band-to-band recombingNOWs the PL spectra &.,,=40 K and an excitation energy
tion are shown. equal to 67 meV at 33 ps and 1.82 ns. The spectra show that

excitation with energies in excess of the heavy-hole energy

energy features in the absorption spectrum are the heavyeads to the formation of “hot” carriers with temperatures
and light-hole exciton absorption peaks. The higher featuregreater than the lattice temperatures. In Figs) @Gnd &b)
are due to excitonic resonances composedpé hole in the  we show the time dependence of the carrier temperature for
third heavy-hole valence band and an electron in the first5- and 38-meV excess energies. At early times just after the
confined conduction ban@H ;-CB;), and(2) a hole in the  excitation, the carrier temperature reaches nearly 200 K,
second heavy-hole valence band and an electron in the seghich is far above the bath temperature of 40 K, and cools to
ond confined conduction bariiH ,-CB,).?2 Figure 2b) is  the lattice temperature in less than 0.5 ns. The carrier cooling
a diagram with the absorbance of excitons showid &snc-  can be well fitted by a single-exponential curve with a time
tions in energy, and the absorbance of the band-to-band reonstant of 44 ps, which is very near our instrumental reso-
combination shown as step functions in energy. Figum® 2 lution of 36 ps.
is the PL spectrum of the same sample takehgt,=72 K. We see in Fig. @) that, at a bath temperature of 8.5 K,
The heavy- and light-hole excitons are fitted by Gaussianghe time evolution of the carrier temperatures is more com-
and the fitted Gaussians are subtracted from the PL spectruplicated than afTg,,=40 K. The cooling curve is not a
in order to isolate the luminescence arising from the bandsingle exponential, and has a substantially slower component
to-band recombination. We see that the measured temperthat remains beyond 2 ns which requires two additional ex-
ture from the electron-holéeh recombination of 722 Kis  ponential terms to reasonably represent the time-dependent
essentially the same as that measured by an external terehavior. The slower relaxation to the bath temperature is
perature sensor mounted on the sample probe. also implicit in Fig. 4 where, for bath temperatures below

To further confirm that the temperatures measured from-20 K, the measured carrier temperature at 1.5 ns remains
T enaccurately reflect the carrier temperatures, the PL spectnaear 20 K instead of quickly reaching the bath temperature.
at differentTgy, are measured. Figure 3 shows the plot ofAs can be seen from Fig.(1, it is difficult to determine
the PL spectra at 40 dn5 K for excitation with an excess carrier temperatures much below 20 K.
energy of 67 meV. The spectra are taken at 1.5 ns after the The temperatures measured from nonresonant excitation
pump pulse. We see that the band-to-band PL is separated pump energies at bath temperatures of 40 and 8.5 K show a
energy from the heavy-hole exciton by the binding energy ofast initial temperature decay with -a44-ps time constant.
~6 meV. This measured binding energy is in close agreeThe fast cooling is presumably due to the LO-phonon-
ment with the calculated valif8,6.2 meV for a GaAs quan- mediated energy relaxation. Above 40 K there is still a sig-
tum well with L,=210 A . The low-energy feature below the nificant fraction of carriers with energy greater than the LO-

Energy (eV)
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FIG. 6. (@) The carrier temperatures measured from the high-

FIG. 5. PL spectra shown fg) t=33 ps and fob) t=1.82ns  energy tail with the bath temperature at 40 K and an excitation
after the excitation pulse. The labeled features are the heavy- aﬂé’nergy of 45 meV above the heavy hole ener@y.Carrier tem-
light-hole-exciton PL and the temperature is obtained from a fit Ofperatures with the bath temperature at 8.5 K and an excess energy
the high-energy tail to a single exponential. of 38 meV. The curves through the data are fits to Bd), as

described in the text.

phonon energy, so that the fast decay channel is available to , ) .
the carriers. As the carriers cool Bgay=40 K, there is no Cooling by acoustic-phonon emission occurs through

slowing down of the temperature decay as observed eformation-potential scattering and piezoelectric scattering.

T 85 K. It has been shown in other studies that for>°€Pel’ calculated both contributions, and deformation-
T?‘EO K enérgy loss of carriers occurs through the fast, I_O_potennal cooling by acoustic-phonon emission for a Boltz-

phonon channel, but, as the carrier temperature falls below &M carrer distribution in bulk GaAs is given by

~40 K, the small fraction of carriers above the LO-phonon .

energy is less important to carrier cooling than the slower but 10 — T T T

heavily populated acoustic-phonon-mediated chafih€he ., N --~ L0

slower cooling rate found in Fig.(B) is thus attributed to T, . — AC (dp)
107 L e : - -~ AC (pz)]

acoustic-phonon emission. The acoustic-phonon relaxation
behavior is nonexponential, but we find it useful to represent
empirically the time dependence of the temperature as two
acoustical-phonon-related exponential terms, as discussed
below in the context of Eq.16).

Figure 7 shows both the experimental energy-loss-rate

dE/dt (meV/ps)

\
..‘Q'.... ® o o ¢ o

curves derived from fitted functions of the experimental data TBatn™ \ N
in Figs. §a) and Gb) along with the calculated LO-phonon- . ‘;OgK \\.
mediated energy-loss rate and the acoustic-phonon-mediated 107% R T R S
energy-loss rates. The mean energy loss per carrier due to 0.00 0.0t 0.02 003 004 005
LO-phonon emission in bulk GaAs?fs 1/T (1/K)
*\ 1/2
<d_E> (i/) =1.27% 1012(m_ eXF{ — thOJ_ 3 FIG. 7. Plot of the fitted functions of the experimentally mea-
dt/ o\ s Mo kgTe sured cooling curves from Figs(d and &b) at bath temperatures

at 40 K(filled triangles and at 8.5 K(filled circles. The dot-dashed
To calculate the LO-phonon-mediated cooling rate, we US@ne is the energy-loss rate derived using LO-phonon-mediated
the heavy-hole effective mass Omb. Since the effective cooling. The AC-phonon-mediated energy-loss rate by deformation
mass of the holes is larger than the electrons by a factor of Gotential and piezoelectric is shown by solid and dashed curves,
carrier cooling occurs primarily through hole coolify. respectively.
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The piezoelectric scattering is given by Z
« 10° | 4
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> 108 (a) ! l | !
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. 10
using the piezoelectric modulus of GaAs, %.80** cm™?! NE 1010 \ 5x10 |

g¥?%s~. The acoustic-phonon energy-loss rate due to the ©

deformation potential and piezoelectric scattering are also } 10° L T~ i
plotted in Fig. 7. We see that our experimentally measured . e ~ 5x10°
curves reproduce the basic features of the predicted energy- 8 58 | ° T i
loss-rate curves for bulk GaAs. However, we $aad others E

have also foundthat the experimentally measured cooling ~ _® ;47 | . 1
rates are smaller than those predicted for bulk G®AEhe (b) e 5x10°
discrepancy between the measured and the predicted cooling 10° ! | LT

has been attributed to the reduction in the energy-loss rate by 0 50 100 150 200 250

screening and the generation of nonequilibrium phorions. Temperature (K)

THERMODYNAMICS OF THE EXCITONIC GAS . .
FIG. 8. (@ Plot of n* as a function of temperature using

The simultaneous luminescence of excitons and free caEg=6 meV, an electron effective mass of 0.0665 and a hole
riers in a quantum well raises the possibility that the twoeffective mass of 0.48,. (b) Plot of n ¢, for various values oN,
species are in thermodynamic equilibrium. This would implythe total carrier density, in units of cnf.
both thermal and chemical equilibria, whereby the relation-

ship between the exciton population and the carrier popula- . 1.215x 10 e kT
tion is given by’ N =keT—— Va7 & ° ° (11)
Eg . . . .
[e]+[h]<[ex]. 6) where kgT is given in meV. Figure & shows a plot of

n* as a function of temperature with the binding energy,
Here[e] is the electron density,, [h] the hole density Egz=6.0 meV.

Ny, [ex] the exciton densityl,, andEg the exciton binding In our experiments we employ picosecond excitation
energy. The densities are related through a temperaturgulses that are much shorter than the exciton or carrier life-
dependent equilibrium constant as follows: times; thus we assume that the total number of electron-hole

pairs produced are equal to the number of absorbed photons.
Hence, if the volume occupied by the carriers is determined,
we can determine the initial total carrier dendiy A rela-

o tionship betweerN and the exciton density needs to be es-
wheren* is given by tablished from the thermodynamic relations. Substitution of
ne=N-—ng, into Eq. (7) results in a quadratic equation for
Nex. Therefore, the total exciton concentration as a function
of incident photon density is given by

NeNp

n*, (7)

nex

Inn* = —Inng(ex) +Inng(e) +Inng(h) —Eg/kgT.  (8)

In this equationng is a quantum concentration in two di-
mensions given by, for example,

AN(t 1/27 2
N P ))
mgkg T _ n 12
nQ(e)z W (9) Nex= 2 ) ( )
With the respective effective masses, becomes choosing the {) sign because a¥ goes to zeron o, must
go to zero. Figure @) shows a plot of Eq(12) for various
ksT mem, _ total carrier densitied.

Eg/kgT — . . . .
e 878’ wheremeg,=me+my. (10 Since the excitonic state is composed of an electron and a

hole, it is described by an energy-momentum relation differ-
With the substitution of the effective masseg=0.066m, ent from that of the separate carrier states. Excitons can re-
andm,=0.45m;, n* is evaluated as combine only neak=0 due to the conservation of momen-
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tum, in practice given by a finite spectral widi, defined
by the energy crossing of the photon and exciton dispersio
curves above the exciton band bottof; is typically
~0.1 meV in GaAs structurésThe radiative recombination
of excitons occurs within a homogeneous widithwhich in
principle can be greater or less th&n, but is typically
somewhat larger in magnitud®n this limit, the PL inten-
sity is given by?®

E:
[(T(t),t)= Anex(T(t) N

_ a—hI'y/kgT(t)
ST, (2P0 (1—e FTnikeT),

13

where Ty is the fundamental radiative recombination rate,
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FIG. 10. The calculated number of excitons vs the total carrier
density plotted with the experimentally measured time-integrated
exciton intensity. At 80 K, the increasing curvature at low densities
is due to the loss of excitons to the exciton ionization into free
electrons and holes.

relationship, indicating that all the carriers exist as excitons.
At higher temperatures, a curvature at low densities is seen,
indicating the predominance of free electrons and holes over
excitons.

We may now compare the experimental time-integrated
exciton luminescence with the above model. The number of
excitons which can couple to photons is a function of both
the incident photon density and the temperature. Figure 10
shows the experimentally measured time-integrated exciton
intensities and a plot of the right side of E44) as a func-
Hon of density at two bath temperatures. At 8.5 K, all the
carriers are converted to excitons, while at 80 K there is a
deviation away from a straight line due to entropy ionization
at the lowest density, as predicted by our analysis. The de-
viation of the data from a linear behavior at high densities
and 8.5 K is not accounted for.

TIME EVOLUTION OF EXCITONIC LUMINESCENCE

From the previous analysis of the time evolution of the
carrier density and the carrier temperature and (E8), we
can attempt to fit the time dependence of the exciton lumi-
nescence intensity. We use the temperatures reported in the

and A is the area of the quantum well. The homogeneousarlier part of this work, and the spatial measurements re-

width varies with both temperature and dengftyHowever,
one can see from E@13) that if the kinetic energy of carri-

ported in our previous work The recombination decay of
carriers and the decrease in density due to spatial expansion

ers is greater than the homogeneous width, then the equati@mne taken into account by using

reduces to

E.
H(T(1),1)=Ane(T (1), )z —=——~

3kgT(1) (2F0).

(14)

Shown in Fig. 9a) is a plot of the right side of Eq14) as a

2

—tip 0
N(t)=Nge Y B20)°

(15

The recombination timep is found by a fit to data, and the

function of temperature for various total carrier densitiesdecrease in the carrier density due to spatial expansion is

N. We see from a comparison to Figb® that the additional

accounted for by the increase in the square of the spatial full

temperature term has a significant effect on the predictedidth at half-maximumAZ2(t).

exciton intensity. In Fig. @), we plot the right side of Eq.

Figure 11a) shows a fit of the excitation luminescence

(14) versus the total carrier density at various temperatureausing the fit to the temperatures in Fig.(ftLlalong with the
At 10 K, the excitons and the total carriers have a linearspatial expansion of the carriers shown in Fig(cl1The
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FIG. 11. (a) Dots are a fit of the experimental exciton lumines-
cence profile(solid curvg by the model described in the texb)
The solid curve is Eq(16) fit to the experimental carrier tempera-
tures(circles. (c) The solid curve is Eq(17) fit to the experimental
expansion dat&circles.

FIG. 12. (a) Simulation of the luminescence intensity for vari-
ous excitonic binding energie®h) Simulation of the luminescence
intensity for the spatial expansion rates listeddh (c) Simulation
of the expansion using E@17) under various expansion time con-
stants.

temperatures used in the fit are taken from a three- e can now adjust the various parameters of the model to
exponential fit of the experimentally measured temperaturegolate the effects of the various physical processes. The pur-

as in Fig. b), pose is to gain insights which may be applicable to systems
other than the particular sample studied here. In the follow-
T(t)=To(ase ' +ae "2 +aze ™). (16)  ing analysis, we examine the effects of chandigand the

rate of spatial expansion on the fitted luminescence profile in

Although the three exponential terms are merely an empiriFig. 11(a).
cal representation of the time dependence of the measured Figure 12a) shows a plot of the calculated exciton PL for
temperature, physically the fasf term is due to LO-phonon g =50, 6.0, and 7.0 meV. This analysis shows that the
cooling, and the latter two terms are due to slowerpasic shape of the profile is not affected by changes in the
acoustical-phonon relaxation. binding energy over this range. The only change is the in-

In Eq. (16), the parameteT, is set equal to 130 K, and ¢rease in the intensity beyone100 ps as the binding energy
71, T2, andrz are found to be 45, 281, and 4305 ps, respecis increased. The result is easily understood because the
tively. The coefficientsa;, a,, andaz equal 0.625, 0.281, greatest effect from the changes in binding energy occurs at
and 0.094, respectively. The particular temperature functiofow T,,,. The increase in the binding energy means that more
is chosen to closely parallel the temperature dependence obarriers exist as excitons instead of free electrons and holes,

served experimentally in Fig.(6). and thus the exciton PL intensity increases.
The spatial expansion of carriers is modeled by a function More drastic changes occur by varying the rate of spatial
which closely mirrors the actual dat, expansion. Figure 12) shows a plofEq. (17)] as a function
of time for various expansion time constantg,,. The ini-
A2(t)=A%(1—e YTen)+ A2, (17)  tial diffusivities in Fig. 1Zc) range from~180 to ~20

cm?/s, which is close to the range of previously measured
Figure 11c) shows a fit of this function to the experimen- initial diffusivities.!® Figure 12Zb) shows the effect of the
tally measured\? with A2 andA3 equal to 23 and 2@m?  change in the spatial expansion rate on the time-resolved
respectively, andr,, equal to 255 ps. exciton PL. In Fig. 120), only the expansion time constant
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OF THE EXCITON LUMINESCENCE

The primary motivating factor in undertaking these stud- _FIG. 14.(a) Carrier temperatures used in the fits of Fig. (3.
ies is to try to understand the excitonic temporal profile as a\? vs time used in the fits of Fig. 13.
function of excess energy\AE=7%w zse— Enp, as well as

excitation density. The excess energy is not explicitly in-can be treated by a similar procedure. We saw in Fig. 1 that
cluded in the equations for the temperature evolution, Edexcitation with a constant photon energy and increasing den-
(16), or the spatial expansion, E(¢L7). We expect that the  sjty causes major changes in the temporal profile of the ex-
initial temperature will depend upon the excess energy. Alsogiton PL. We noted that as the excitation density is in-
we vary bothAZ and 7., in Eq. (17) to obtain the optimal creased, the time at which the signal reaches a peak intensity
fits to the data. The chosen values of these parametetscurs progressively at later times. Accordingly, the tempo-
closely reflect the actual time-resolved spatial measurementg| full width at half-maximum becomes wider with increas-
under similar condition§’ Due to the number of adjustable ing excitation density.
parameters, the fitting procedure is capable of only providing Using Eqs(14), (16), and(17), we are able to obtain very
a plausible picture of the processes involved, not an accuraigood fits to the time-resolved exciton PL intensity by adjust-
determination of the specific parameters. ing the time-dependent temperatures and the spatial expan-
Fits to the excitonic temporal profiles using this proceduresion. The principal results are shown in Fig. 15. The param-
for several values of excess energy are shown in Fig. 13ters for the fits shown Fig. 15 are shown in Tabldthe
using the temporal distributions of carrier temperature andjaluea, in Eq. (16) is again set to L The temperature de-
spatial volume plotted in Fig. 14. The parameters for the fitpendencies obtained in these fits are given in Figa)1@nd
shown in Fig. 13 are shown in Table[for these fits the the corresponding? vs time that account for spatial expan-

valuea, in Eq.(16) is set to 1. The values off in Eq.(16)  sion are shown in Fig. 1B). The temperature dependencies
are found by measuring the time to the peak of the maximunare found by using Eq16).

exciton intensity as in Refs. 1 and 2. Thigincreases from
34 K with near-resonant excitations to 130 K fAlE=234

meV. In Fig. 13, we find that near-resonant excitation re-
quires that the acoustical phonon relaxation tefias and

az in Eq. (16)] must be eliminated to obtain good fits to the
data[see Fig. 14a)]. This implies that acoustical-phonon

relaxation is not an important aspect in a description of ou

TABLE |. Parameters used in the fits shown in Fig. 13.

Excess
energy T, ™ Texp A
(meV)  (K) a a; (p9 A* (py  (cm?)

data for the near-resonant excitation case. This is physically 34 00 00 1050 23 350 D6IO7
reasonable because, with the carriers much cooler from thega 43 0.45 0.15 1000 26 350 &20°8
start, acoustical-phonon emission is not expected to play as.0 75 045 0.15 1100 26 300 X10’
strong a role in the dynamics. 38.3 130 0.35 0.15 1100 26 250 X80’

The carrier density dependence at a fixed excess energy
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FIG. 15. (@ Time-dependent data and model fiesmooth FIG. 16. (a) Carrier temperatures used in the fits of Fig. (5.

curves of the heavy-hole exciton PL at excitation densities from gpatial full widths at half maxima used in the fits of Fig. 15.
5% 10°/cm? to 5x 10°/cm?. (b) Same for excitation densities from
5x10°%/cm? to 5x 10'%cm?2. energy equal tdi o, Eqn . IN two-dimensional systems,
the temperature related to this average kinetic energy for a
Boltzmann distribution i{E)=kgT. The initial tempera-
tures calculated in this way are generally far above the 100 K

An important result of our analysis is that the initial car- or so observed in our measurements. This is because carrier
rier temperature increases as a function of both carrier der¢ooling due to LO-phonon emission reduces the carrier tem-
sity and excess energy. Figure(a7shows the initial tem- peratures on a subpicosecond scale, considerably shorter than
peratures‘l’o, derived from the first as a function Of excess Qur t|me resp|uti0n and ear”est Wel'l'deﬁned Observation
energy. The open squares denote the experimentally meHMe. One might expect that the carrier temperatures mea-
sured temperatures, obtained only for the extreme values GHred after the LO-phonon relaxation process occurs would
excess energy, and the solid circles denote the fitted temperg2@ch some fraction of the LO-phonon energy, which is only
tures for intermediate values of excess energy. weakly dehp(—lzlndenthon thel 'n't'ﬁl carrier temperature. i

The heating of the carriers with increased excess energé(giti'\levert eless, the results shown in Fig(dre in quali-

. . ve agreement with previous work by Goebel and
seems reasonable, but the details require some thought. Cal o 0241 their work, they show that under continuous
riers are created by the laser pulse with an average kinetic ' - ey

Wwave (cw) excitation, aflg,= 2 K, the plasma temperatures
measured from the high-energy slope of the photolumines-
cence spectra increase from 10 to 50 K as the excess energy

DISCUSSION AND SUMMARY

TABLE II. Parameters used in the fits shown in Figs(al&nd

150 increases from 5 to 40 meV. Under cw excitation, they were
Density To o Texp A sensing a time-averaged temperature; thus we expect their
(/cnd) K) a as (9 AZ (ps  (cm?d measured temperatures to be lower than our initial time-
resolved temperatures.

50<10° 23 00 00 500 00 5%10°° The answer to this puzzle of elevated temperatures may
1.0x10° 30 00 0.0 800 0.0 3%10°°  be similar to that proposed by Shah and Léfteyho made
2.5x10° 38 00 00 1050 0.0 2:710°© similar measurements for bulk GaAs using cw argon-ion la-
50x10° 52 0.45 0.15 1100 12.8 300 XA0°© ser excitation. They too observed an increase in the carrier
1.0x10°° 95 045 0.15 1200 128 250 %80 °© temperatures with excitation density. At high densities they
25x10° 144 050 0.15 1250 22.8 175 200© found that the measured carrier temperature was related to
5.0x10° 150 0.63 0.15 1210 22.8 150 gA0© the excitation intensity by« (—7%w, o/kgT.). They viewed

the carrier system as composed dfthe hot carriers created
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© T —85K other energy-loss mechanisms are becoming operative in this
8 20r Bath ™ . low-temperature/low-density regime.
0 A R S In summary, our measurements and analysis show that the
108 10° 1010 10" temporal profiles of excitonic photoluminescence following

pulsed excitation of a GaAs quantum well can be understood
in terms of a gas of excitons in thermal and chemical equi-
librium with free carriers. Because localized excitation is
used to produce high gas densities, it is necessary to take into
account the changing volume of the excitonic cloud as well
as the evolution of the gas temperature. The carrier tempera-
tures were obtained from the slopes of the band-to-band PL
by the excitation, and2) the cooler carriers which had al- spectra, and the carrier cooling rates were in agreement with
ready lost most of their excess energy and were responsibfee expected LO- and acoustic-phonon emission rates. Our
for the PL? If the total density of the carriers is high analysis showed interesting dependencies of the carrier tem-
enough, the hot carriers could bypass the LO-phononperatures on the excess energy induced by the laser photons
emission process and lose most of their excess energy tgnd on the carrier densities. These latter results are in quali-
scattering with the reservoir of colder carriers. In this way,tative accord with earlier results for cw excitation and bulk
the colder-carrier distribution would be heated at higher exGaAs.

citation densities. This heating is offset by emission of LO

phonons in the tail of the colder-carrier distribution, leading ACKNOWLEDGMENTS

to the dependence stated above.
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*Present address: Dept. of Physics, Dartmouth College, Hanover*W. H. Knox, D. S. Chemla, G. Livescu, J. Cunningham, and J. E.

N.H. 03755. Henry, Phys. Rev. Let1, 1290(1988.
1A. Vinattieri, Jagdeep Shah, T. C. Damen, D. S. Kim, L. N. 5J. Kusano, Y. Segawa, Y. Aoyagi, S. Namba, and H. Okamoto,
Pfeiffer, M. Z. Maialle, and L. J. Sham, Phys. Rev58 10 868 Phys. Rev. B40, 1685(1989.
(1994. 8Ph. Roussignol, C. Delalande, A. Vinattieri, L. Carraresi, and M.
2Hot Carriers in Semiconductor Nanostructures, Physics and Ap-  Colocci, Phys. Rev. BI5, 6995(1992.
plications, edited by J. ShalAcademic, New York, 1992 ’R. Eccleston, R. Strobel, W. W. Rle, J. Kuhl, B. F. Feuer-

3K. Kash, J. Shah, D. Block, A. C. Gossard, and W. Wiegmann, bacher, and K. Ploog, Phys. Rev.4&, 1395(1991).
Physical34B, 189(1985. 8T. C. Damen, J. Shah, D. Y. Oberli, J. E. Cunningham, and J. M.



2774 H. W. YOON, D. R. WAKE, AND J. P. WOLFE 54

Kuo, Phys. Rev. Bt2, 7434(1990. 22\, T. Masselink, P. J. Pearah, J. Klem, C. K. Peng, H. Morkoc
%J. Feldmann, G. Peter, E. O. Gobel, P. Dawson, K. Moore, C. G. D. Sanders, and Y. C. Chang, Phys. Re\8B8027(1985.
Foxon, and R. J. Elliot, Phys. Rev. Lef9, 2337(1987). 233, Shah and R. F. Leheny, 8emiconductors Probed by Ultrafast
0p, L. Gourley and J. P. Wolfe, Phys. Rev.2B, 3319(1979. Laser Spectroscopyedited by R. R. Alfano/Academic, New
113, C. Kim, D. R. Wake, and J. P. Wolfe, Phys. Reva® 15 099 York, 1984, Vol. |, p. 55.
(1994. 24E . 0. Goebel and O. Hildebrand, Phys. Status Soli8&8 645
2w, Picken and J. P. R. David, Appl. Phys. Léi6, 268 (1990. (1978.
13B. K. Ridley, Phys. Rev. Bl1, 12 190(1990. 25K. Leo, W. W. Rihle, and K. Ploog, Phys. Rev. B8, 1947
14M. Colocci, M. Gurioli, and A. Vinattieri, J. Appl. Phy$€8, 2809 (1988; J. Shah, A. Pinczuk, A. C. Gossard, and W. Wiegmann,
(1990. Phys. Rev. Lett54, 2045(1985.
154, W. Yoon, D. R. Wake, J. P. Wolfe, and H. Morkdehys. Rev. 26A. Honold, L. Schultheis, J. Kuhl, and C. W. Tu, ldltrafast
B 46, 13 461(1992. Phenomena Vledited by T. Yajima, K. Yoshihara, C. B. Harris,
8K, Leo, W. W. Rihle, and K. Ploog, Phys. Rev. B8, 1947 and S. Shinoya, Springer Series in Chemical Physics Vol. 48
(1988. (Springer-Verlag, Berlin, 1988p. 307.
17G. Bastard Wave Mechanics Applied to Semiconductor Hetero-2’L. Schultheis, A. Honold, J. Kuhl, K. Kder, and C. W. Tu, Phys.
structures(Halsted, New York, 1988 p. 271. Rev. B34, 9027(1986.
18D, s. Citrin, Phys. Rev. BI7, 3832(1993. %Jagdeep Shah and R. C. C. Leite, Phys. Rev. L2gt.1304
193, Shah, Superlatt. Microstru@, 293 (1989. (1969.
20C. Priester, G. Allen, and M. Lannoo, Phys. Rev.3B, 7302  ?°Similar arguments have been applied in the study of ballistic
(1984. phonons in silicon by M. E. Msall, S. Tamura, S. E. Esipov, and

21G. BastardWave Mechanics Applied to Semiconductor Hetero- J. P. Wolfe, Phys. Rev. Letf0, 3463(1993; Sergei E. Esipov,
structures(Ref. 17, p. 281. M. E. Msall, and J. P. Wolfe, Phys. Rev.4, 13 330(1993.



