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Photoluminescence from GaAs quantum wells displays sharp spectral features associated with the free
exciton. At high excitation density and low temperature, an additional component appears just below
the lowest (heavy-hole) excitonic emission. Previous studies have attributed this feature to the biexciton,
consisting of two electrons and two holes, because it appears below the exciton line and grows super-
linearly with respect to the exciton intensity. In this paper, we considerably strengthen this
identification by analyzing time- and space-resolved photoluminescence data that imply a dynamic
chemical equilibrium between the excitons and biexcitons, i.e., a law of mass action. This thermodynam-
ic (complementary to spectroscopic) evidence for biexcitons is based on the interdependent temporal de-

cay and spatial transport behavior of the two components on a picosecond time scale. As the excitons
recombine, the law of mass action describes the equilibrium over more than two orders of magnitude in

exciton density as determined from the measured photoluminescence intensity and volume of the exciton
gas.

I. Ih aRODUCriON

The free exciton, or an electron and a hole bound by
Coulomb attraction, is a fundamental excited state of a
semiconductor. Absorption and photoluminescence spec-
tra of most semiconductors at low temperature show
sharp features associated with this state. The free exciton
(or simply "exciton") is a mobile particle capable of
difFusing through the crystal, interacting with other exci-
tons, and possibly becoming trapped at impurity sites, be-
fore the constituent electron-hole pair recombines. The
exciton can display properties similar to an atomic gas,
such as combining into excitonic molecules, condensing
into an electron-hole liquid, or exhibiting coexistence of
two or more of these phases in equilibrium. These mani-
festations of "chemical equilibrium" are generally
displayed in the indirect-gap semiconductors such as Ge
and Si whose carrier lifetimes are on the order of mi-
croseconds. '

The simplest excitonic molecule is a biexciton
comprised of two electrons and two holes, analogous to a
hydrogen molecule. Whereas in bulk indirect-gap semi-
conductors biexcitons have been conclusively observed, '
in a bulk crystal of the direct-gap semiconductor GaAs,
observation of this simplest molecular species is difficult.
This is because in GaAs the exciton lifetime is typically
about a nanosecond, limiting the exciton's diffusion
length and its ability to thcrmalize to the lattice tempera-
ture. Further, the relatively small binding energy of the
exciton in a bulk crystal of GaAs (4 meV) leads to a
theoretical biexciton binding energy of only a few tenths
of a zneV. Consequently, the evidence so far for the ex-
istence of biexcitons in bulk GaAs is weak. However,
within a GaAs quantum well of thickness less than 100 A
which is less than the 150-A excitonic Bohr radius in
bulk GaAs, the con6nement doubles the exciton binding
energy to about 8 meV. In this case, the predicted biex-

citon binding energy is larger than 1 meV, and indeed,
Miller et al. as well as others have reported evidence
for the biexcitons in GaAs multiple quantum wells
(MQW's) from their photoluminescence data. Their data
show a spectral peak below the heavy-hole excitonic
emission, whose intensity increases superlincarly with ex-
citation density.

In this paper, we examine the character of this spectral
feature from a thermodynamic perspective. We use
time-resolved photoluminescence spectroscopy and spa-
tial imaging to observe the relative densities of the exci-
tonic species for several lifetimes after a short laser
pulse. The data imply a law of mass action consistent
with a thermodynamic and chemical equilibrium between
the excitons and biexcitons in a GaAs MQW, strongly
supporting the biexciton identi6cation. An important as-
pect of this work is the measurement of the spatial
profiles of the two excitonic components, from which we
obtain an effective "volume" of each, actually an efFective
"area" occupied by each gas in the narrow quantum well.
The area measurements are necessary for ascertaining the
relative areal densities of the excitons and biexcitons.
The ratio of the areas of the two species agrees with the
prediction based on the law of mass action, adding sup-
port to the self-consistency of our analysis and interpreta-
tion of the data.

II. CHEMICAL KINETICS OF EXCITONS
AND BIEXCITONS

Excitons produced by photoexcitation are inherently a
nonequilibriurn species because the energy gap EGAP
separating the conduction band from the valence band is
much greater than kz Tl where Tl is the lattice tempera-
ture. As the electron-hole pairs recombine, the decaying
excitons emit photons and/or phonons. In undopcd
GaAs, the photoluminescence from radiatively recombin-

0163-1829/94/50(20)/15099(9)/$06. 00 50 15 099 1994 The American Physical Society



15 100 J. C. KIM, D. R. WAKE, AND J. P. WOLFE 50

ing free excitons contains no direct information about the
kinetic-energy distribution of the particles because only
the excitons near zone center having momentum
k kpHoroN and energy Ex =Eo~p —Px can radiatively
recombine, where kpHpTON is the momentum of the emit-
ted photon and P» is the binding energy of an exciton
with respect to an ionized electron-hole pair. If the
kinetic-energy distribution of the excitons is described by
a Maxwell-Boltzmann distribution with an effective tem-
perature TE, and the optical transition has a homogene-
ous linewidth I «kE TE, the measured luminescence in-

tensity from Nx excitons is

Ix C
Nx

where the constant C includes the optical collection
efficiency and r„is the radiative lifetime for an exciton
with k=kpHoToN. It is useful to think of the effective
radiative lifetime of the excitons as ~, divided by
I /(kE TE ) which is the fraction of excitons near
k kpHoToN capable of radiative recombination.

The time required for excitons to achieve a Maxwellian
distribution after a short generation pulse depends on the
initial exciton density. For the densities studied in this
paper, interparticle collisions occur on a subpicosecond
time scale, so to a good approximation the exciton gas
(including excitons and biexcitons) has an internal
thermal equilibrium characterized by TE. On the other
hand, since the excitons are created with nonzero kinetic
energies and must relax by emitting acoustic-phonons,
the time scale on which TE(t) approaches TL is dictated
by the exciton acoustic-phonon interaction time which
may extend to several hundred picoseconds.

The chemical equilibrium between excitons and biexci-
tons in Si has been described in detail by Gourley and
Wolfe. For a given TE, they consider a chemical equi-
librium that implies a "law of mass action, "

2"x =n*(TE),
nxx

where nx and nxx are the exciton and biexciton densities.
The equilibrium constant n*(TE) is a "characteristic
density" which has the form

2.0 15
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U

10

where, in this case, n is an areal density.
In a practical experiment, one typically measures the

total photoluminescence intensity which is proportional
to the total nuinber of excitons or biexcitons [see Eq. (I)).
However, one would like to measure the local densities of
the gases because the thermodynamic expressions relate
the local densities, not the total numbers. In the mea-
surements on bulk Si, the volume of the exciton gas was
accurately controlled by confining the excitons in a
three-dimensional parabolic strain well. Under
confinement, the gas volume depends only on the gas
temperature. Due to the long recombination times in Si,
the gas temperature was equal to the lattice temperature
during the measurement. Consequently, the gas volume
remained constant during the measurement, and the pho-
toluminescence intensity accurately indicated the density.

In a quantum well, although the particles are confined
in the direction normal to the well plane, lateral diffusion
allows the effective area occupied by the gas to increase
in time. We show later in this paper that, under specified
conditions, the distribution of the excitons in the plane of
a 100-A quantum well takes on a Gaussian form. So, for
the exciton component, the spatially averaged areal den-
sity n» is related to the total intensity by nx ~I»lhx,
where b,x is the full width at half maximum (FWHM) of
the Gaussian. b, »2 is the effective area occupied by the ex-
citon gas, and because b x increases during measurement
due to diffusion, nx is not simply proportional to Ix.
Fortunately, nx can be obtained by combining time-
resolved measurements of the total luminescence intensi-
ty (proportional to the total number) and the effective
area.

The equilibrium constant n' [see Eq. (3)] depends on
the biexciton binding energy which depends on the well
width. In Fig. 1, we plot the theoretical biexciton bind-
ing energies obtained from Ref. 4 for several mell widths.

—0»x
n ( TE ) =gntiexp

8 E
(3)

1 mx2

2' mxx
(4)(kE TE)

For a two-dimensional gas inside a quantum well

1 mx2
(kE TE ),

2M mxx

where g is the effective degeneracy factor, Pxx is the
binding energy of the biexciton with respect to two Un-

bound excitons, and n& is the effective quantum concen-
tration. For a three-dimensional gas of excitons and biex-
citons with density-of-states masses mx and mxx
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FIG. 1. Solid circles show biexciton energies for various well

widths obtained from Ref. 4, and open circles show correspond-
ing equilibrium constants [given by Eqs. (3)] at an equilibrium
temperature of 10 K. Solid lines serve as guides to the eye. As
the well width decreases, the biexciton binding energy increases,
and the biexciton concentration significantly increases relative
to the free exciton concentration.
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To see how the confinement in a quantum well affects
chemical equilibrium, we also plot n' for an equilibrium
temperature of 10 K for the same well widths in Fig. l.
The increased binding energy due to confinement is pre-
dicted to significantly increase the relative biexciton den-
sity at a given exciton density through n *.

III. EXPERIMENTAL METHODS

A schematic of our time-resolved photoluminescence-
imaging apparatus is presented in Fig. 2. As shown in
Fig. 2(a) we excite a 10-period, 100-A GaAs MQW with a
5-ps laser pulse at 76 MHz. Both the laser beam and the
detector field of view can be tightly focused to 3-pm spots
on the sample inside an optical cryostat, yielding a resul-
tant spatial resolution of 4 IMm. The excitation energy is
tuned to the light-hole exciton absorption peak where
enhanced photoabsorption and fast interconversion be-
tween light-hole excitons and heavy-hole excitons result

in eScient generation of the heavy-hole excitons. Within
the excitation spot, an average power of 1 mW corre-
sponds to each pulse creating a nominal pair density of
10' cm carriers within each well, although the actual
densities may be lower by a factor of 2 or 3. As shown in
Fig. 2(b) the luminescence from the radiatively recombin-
ing excitons is dispersed by a half-meter spectrometer
and detected by a Hamamatsu micro-channel-plate detec-
tor in photon-counting mode. Conventional electronic
techniques are employed to generate time traces of the
photoluminescence decays" with temporal resolution of
36 ps.

We obtain time-resolved energy spectra by recording
time traces as the detection (spectrometer) wavelength is
incremented. The series of time traces are stored as a
two-dimensional array which, when. sliced at a particular
time, yields a "snap shot" of the photoluminescence at
that time. Likewise, by collecting time traces at a fixed
detection wavelength while scanning the excitation spot
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FIG. 2. (a) A schematic side view of the ex-
citation area on the MQW sample. The detec-
tor field of view and the excitation spot can be
moved (i.e., Xchanged in the figure) relative to
each other for imaging. Inside the well, the
strength of the shade indicates electron-hole
pair density. (b) Time-correlated-photon-
counting (TCPC) apparatus to measure time-
and space-resolved photoluminescence. For
more detail on the TCPC technique see Ref.
11.

(b)
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about the detection spot in the plane of the MQW, we ob-
tain time-resolved images of the excitation area. A
snapshot of the spatial profile at a particular time is ob-
tained by slicing the collection at that particular time.

The heavy-hole exciton peak in our sample has a 0.9-
meV absorption width. The luminescence peak is Stokes
shifted 0.3 meV from the absorption peak. The small
Stokes shift suggests that interface islands significantly
larger than the Bohr radius of the exciton are not pre-
valent. On the other hand, our analysis below implies an
extremely small measured diffusivity, 14 cm sec
which suggest that well-width fIuctuations comparable to
or smaller than the excitonic Bohr radius are likely. A
second MQW structure with 78 periods of an 80-A GaAs
we11 and a 100-A A1„Ga& GaAs barrier has yielded re-
sults that agree with the results reported for the 100-A
MQW.

IV. ANALYSIS OF RESULTS

The biexciton luminescence arises from the radiative
recombination of one of its two electron-hole pairs, leav-
ing behind a daughter exciton. In this process the decay-
ing biexciton need not have k=kpHoToN because the
daughter exciton can absorb the necessary momentum to
conserve energy and momentum. For a biexciton with
kinetic energy equal to E, momentum conservation im-
plies that the daughter exciton has 2E. The energy of the
emitted photon is, therefore, Ex —

Pxx E.—Assuming
that the biexciton kinetic energies are distributed accord-
ing to a Maxwell-Boltzmann (MB} distribution, this
reasoning suggests that the biexciton luminescence
should be a mirror image of the asymmetric MB line
shape because of the minus sign in front of E.

I I

Exciton

A. Time-integrated spectra
0

Time integ-rated spectra of the 100-A MQW at TI = 10
K are shown in Fig. 3(a} for pump power spanning
0.003-3 mW corresponding to initial pair densities
3X10 —3X10' cm . To compare the line shapes, the
spectra are normalized to the peak exciton intensity at
1.543 eV. Below an initial pair density of 1X 10' cm
the spectra show only the density-independent heavy-hole
exciton line whose low-energy tail is attributed to imper-
fections in the confining potential of the quantum well.
With more intense excitation, a peak at about 1.8 meV
below the exciton peak grows superlinearly with respect
to excitation density. This superlinear growth is not con-
sistent with impurity or defect luminescence, which
would saturate at high excitation density. On the other
hand, it is consistent with biexcitons whose density is pre-
dicted to grow quadratically with respect to the exciton
density. Although a superlinear growth might originate
from an Auger-type process in which two nearby excitons
simultaneously emit a photon and leave an ionized
electron-hole pair, for such a process the luminescence
peak would occur at Ex —Px where /x=8 meV for a
100-A MQW (Ref. 3} which is significantly larger than
1.8 meV. The 1.8-meV separation between the peaks is
close to the 1.5-meV separation for a 102-A GaAs MQW
reported by Lovering and co-workers, but it is larger
than the 1.1-meV binding energy predicted by Kleinman
by about 0.7 meV. The actual biexciton binding energy
could, however, be smaller than 1.8 meV by as much as
0.3 meV due to the Stokes shift between excitonic absorp-
tion and photoluminescence.

For quantitative analyses it is necessary to spectrally
deconvolve the exciton and biexciton components in the
photoluminescence spectra. A complication is the low-
energy tail associated with the exciton luminescence. To
overcome it, the exciton line shape is empirically deter-
mined from a spectrum for a low pair density and scaled
as the exciton component in a spectrum for a high pair
density. The biexciton component is then fit to a
Lorentzian line shape while the strength of the exciton
line shape is adjusted, as illustrated in Fig. 3(b}.
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FIG. 3. (a) Time-integrated photoluminescence spectra at a
bath temperature of 10 K for pump powers spanning 0.003—3
mW corresponding to initial pair densities 3 X 10 —3 X 10'
cm . To compare the line shapes the spectra are normalized to
the peak height of the heavy-hole exciton luminescence at 1.543
eV. As the pump power (or initial pair density) is increased, the
low-energy peak grows superlinearly with respect to the heavy-
hole exciton peak. This growth behavior is consistent with a
biexciton origin. (b) Deconvolution procedure to separate the
exciton and biexciton components. The exciton line shape is
empirically determined from a low-density spectrum and scaled
as the exciton component in a high-density spectrum (pump
power of 1 mW shown). The biexciton component is 6t to a
Lorentzian line shape.
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Cho has shown, however, that for radiative recombina-
tion of one of the electron-hole pairs in a biexciton the
momentum of the daughter exciton must be within about

~ko~ =1/a»x of zero where ax» is the Bohr radius of the
biexciton. ' This means that the momentum of the de-
caying biexciton must also be within about ~ko~ of zero
which implies that the kinetic energy of the biexciton
does not exceed about Eo =R /(2M»»ax»). For a 100-A
GaAs quantum well, E0 =0.015 meV using axx = 1000 A
as calculated by Kleinman. Cho has shown that for
Eo/(ksTz)=1. 4 the line shape resembles a symmetric
Lorentzian and that the zero in biexciton kinetic energy
(i.e., the band bottom} is nearly coincident with the peak
of the line shape. ' For TE =10 K in our experiments,
Eo/(ks TE) «1.4 so that a symmetric Lorentzian is an
even better approximation to the biexciton line shape,
with the peak of the line corresponding to emission from
the biexcitonic band bottom. Indeed, empirically the
symmetric Lorentzian line shape more accurately de-
scribes the biexciton component of the spectra than does
the asymmetric MB line shape, as shown in Fig. 3(b).

The spectral weights (spectrally integrated intensities}
of the deconvolved exciton and biexciton components [as
in Fig. 3(b)] are plotted as functions of the pump power in
Fig. 4. The data represent time integrat-ed spectra so
each pair of data points (I»,I»x) at a given power corre-
sponds to a time-averaged density and area occupied by
the gas. Applying a straightforward kinetic theory to the
data, the rate equations that describe the interconverting
exciton-biexciton gas system under continuous genera-
tion are

10
~ W
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gj

~ Exciton
0 Biex

10
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10 10 10 10 10

P urnp Power (p W)

FIG. 4. Time-integrated exciton and biexciton spectral
weights at a bath temperature of 10 K as functions of pump
power. The solid lines are the steady-state solutions to a pair of
rate equations that describe the interacting exciton-biexciton
gas under continuous generation. The characteristic power Po
is obtained from the St and is proportional to the characteristic
generation rate 60 discussed in the text. The close agreement
indicates that interconversion is much faster than decay.

dn» =6-
dt

"x ~xx ~x 1 ~xx

72+X +XX
(6a}

d"xx
dt

2
~xx +

71+XX

~xx
(6b)

where 6 is the continuous-generation rate (proportional
to pump power), ~» and ~»» are the exciton and biexci-
ton lifetimes, and v& is the characteristic interconversion
time when nx=nxx=n'. The two equations describe
the generation of the excitons, the decays of the excitons
and biexcitons, and the interconversion between them.
The steady-state solutions to this pair of equations are

' 1/2

-- 1+'
0

~xx

' 1/2 2

1+ -1
0

(7b)

B. Time-resolved spectra

The relative populations of the excitons and biexcitons
at a particular time are indicated by their spectral
weights at that time. The spectral weights of the excitons
and biexcitons are shown in Fig. 5(a) as functions of time

where Go =(n "rx»/4r» )(1+re/r» ) is the characteristic
generation rate that separates the exciton-dominant from
the biexciton-dominant region. These equations predict
that for low generation rates ( & 60) the dominant exci-
ton population grows linearly and the biexciton popula-
tion grows quadratically, while for high generation rates
( )60) the dominant biexciton population grows linearly
and the exciton population grows as the square root of
the excitation, consistent throughout with nxx~nx. If
the interconversion time is much faster than the recom-
bination times and the observation time [i.e., the last two
terms of Eq. (6a) dominate so that n»» a: nx] then Eqs. (7)
also apply to the initial densities produced by a short-
p~l~ed excitation. In that case, 6—=Gp«sE(rp«sa/r, )

whereas GpU&sz is the average generation rate during the
pulse, 1pUgsE is the duration of the pulse, and 70 is a
characteristic lifetime of the excitonic gas. In Fig. 4, we
plot nx and n»» in Eqs. (7) as the solid lines, with a single
overall scaling factor and the characteristic power
PO=Gohvt~saRX (excitation area) determined by the fit
to the data. The close agreement between the data and
the model in Fig. 4 implies that the interconversion time
is indeed much shorter than the recombination times and
the observation time, and that, consequently, thermal and
chemical equilibrium is quickly established between the
excitons and biexcitons in our MQW. However, a time-
integrated spectrum represents an average of transient
behavior, weighted by the instantaneous photon-emission
rate. At best, this averaging may obscure important dy-
namic behavior, and at worst the good agreement be-
tween data and theory may be fortuitous. Thus, it is
necessary to analyze the transient spectra to con6dently
assess the system behavior under pulsed-excitation condi-
tions.
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FIG. 5. (a) Spectral weights (spectrally integrated intensities)
for excitons and biexcitons as functions of time for an initial
pair density of 10' cm at a bath temperature of 10 K. The
ratio of the decay constants is consistent with a chemical equi-
librium described by a law of mass action and implies a fast in-
terconversion. {b) The data sets in Fig. 5(a) are plotted against
each other with time as the parametric variable. Another data
set for an initial pair density of 10" cm is also plotted for a
comparison. The square-law line describes chemical equilibri-
um for a gas occupying a fixed area. The two data sets corre-
sponding to different initial pair densities do not fall on the
same square-law line, implying that the gas areas for the
difFerent initial pair densities are not the same.

for an initial pair density of 10' cm . Each data point
represents a particular time after the 5-ps laser pulse,
from about 100 to 4000 ps. The plots reveal that the
biexcitons decay twice as fast at the excitons, i.e., if
I+~exp( t—lr) then Ixx ~exp( 2—tlr), which implies

Ixr (t) ~ Ix(r). This display of thermodynamic and chem-
ical equilibrium is consistent with an interconversion
time that is much faster than the recombination times.

In Fig. 5(b) we take the data sets in Fig. 5(a) and plot

r2ln16
n~(r) =nz(0)exp

X
(8a)

where hx is the FWHM, describes this profile well as
shown by the solid line through the solid circles. The
biexciton spatial profile is shown by the open circles in
Fig. 7(a) and is likewise well represented by a Gaussian,

them in a more illustrative form. We plot the spectral
weight of the biexciton component, Ixx, as a function of
the spectral weight of the exciton component, Ix, with
time as the parametric variable. An additional data set
corresponding to 10"-cm initial pair density is also
plotted for a comparison. The upper-right corresponds
to 100 ps and the lower left corresponds to 4000 ps. Two
straight lines, each with a slope of 2 (square-law line),
demonstrate that over a wide range in intensity the
square-law of Eq. (2) describes each data set well. How-
ever, there are two notable discrepancies. First, there is a
"hook" in the high-density data that suggests a relative
deficiency of the exciton population at times up to about
500 ps. Second, the two data sets do not fall on the same
square-law line, which implies difFerent n" for the two
data sets even though n " should depend only on tempera-
ture [see Eqs. (3)-(5)]. As we will see next, both of these
anomalies can be traced to the fact that luminescence in-
tensity is plotted in Fig. 5(b) rather than particle density.
A given square-law line on a Ixx vs Ix plot is character-
ized by a fixed gas area, and if the area is different in the
two runs, or changes during the carrier lifetime, the
luminescence intensity will not consistently represent the
areal density of the excitons or biexcitons.

In our investigation, we have measured the instantane-
ous area occupied by the gas in the quantum well 5 in
addition to the instantaneous luminescence intensity
(spectral weight), and from the two measurements we ob-
tain the spatially averaged density, n ~I/b, . The detec-
tion wavelength is fixed at the peak of the excitonic (or
biexcitonic) emission, and the time-dependent lumines-
cence is obtained as a function of the position in the plane
of the quantum well. The measured spatial profile of the
gas defines the area occupied by the gas, as shown by the
two-dimensional images in Figs 6(a) an.d 6(b). Although
the determination of the profile is complicated by the
spectral overlap of the two excitonic components, the er-
rors are small and do not modify the overall results if the
strengths of the two components are comparable, i.e., at
moderate to high pair densities.

The expansion behavior of the exciton gas in our sys-
tem is apparent in Figs. 6(a) and 6(b). Within about 0.1

ns following the laser excitation pulse, the FWHM of the
exciton profile shown in Fig 6(a) is r. oughly equal to the
FWHM of the excitation spot. After about 2.5 ns, the
peak height has decreased while the FWHM has in-

creased, as shown in Fig. 6(b). From the figures, it is
clear that the exciton spatial profile is radially symmetric.
A slice through the center of the exciton distribution for
an initial pair density of 10' cm at t =700 ps is plotted
as the solid circles in Fig. 7(a). The Gaussian function,
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r ln16
n»»(r) =n»»(0)exp

b,»/2
(8b)

and h~~, the FWHM of the biexciton distribution, is re-
lated to b,» by 5»/5»» =~2. From the data in Fig. 7(a),
we find b,»/6»»=1. 26, which is not precisely equal to
v 2 as expected for local chemical equilibrium. However,
the profiles in Fig. 7(a) are broadened by the instrumental
resolution of about 4 pm. If we deconvolve from the ex-
citon profile a Gaussian with 4-gem FWHM, the resulting
Gaussian has b» =Q5», „„d—16 pm and likewise

Q
~~

Q

Ig

0

0
Q Q

Q
Q

.0

but its FWHM is narrower than the exciton profile. In
chemical equilibrium, because n»»(r) ~ n»(r) everywhere
in space, the biexciton density is predicted to follow the
square of Eq. (8a), or

I

~ Exciton 12 -2

for the biexciton profile. Figure 7(b) shows the decon-
volved Gaussian functions for the two species from which
we obtain b,»/5»» =1.43+0.09, in good agreement with
V'2.

Figure 8(a) is a plot of the spatially deconvolved 5»
and hex as functions of time after the 5-ps laser pulse.
After about 500 ps the two gas areas continue to expand
with 4»»/6»=-0. 5, as expected for chemical equilibri-
um. The slope of the expansion line implies a dif-
fusion constant D = 14 cm sec ', calculated using
D =(dh»/dt )l(16 ln2), where the numerical factors
come from the solution to the diffusion equation. '3 Fig-
ure 8(b) shows the ratios of the data points in Fig. 8(a)
which, over the same time interval, cluster about the
value 0.5, as expected. These space- and time-resolved
photoluminescence measurements strongly indicate that
chemical equilibrium is maintained during the difFusive
expansion. In the first few hundred ps the expansion is
more rapid and the excitons and biexcitons may be fur-
ther away from equilibrium. Possible reasons for this are
discussed later.

As previously indicated, the spatially averaged areal
density of the excitons n»(t) is simply proportional to
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FIG. 6. (a) A pseudo-three-dimensional image of the spatial

distribution of the excitons within about 100 ps following a
pulsed laser excitation. The FWHM of the distribution is near-

ly equal to that of the excitation spot. (b) After about 2.5 ns the

profile reveals a reduced peak and a broader distribution imply-

ing that the excitons have not only decayed but also diffused la-

terally from the initial excitation region.

FIG. 7. (a) A slice through an image such as shown in Fig.
6(a) or 6(b) reveals a spatial distribution of excitons well de-
scribed by a Gaussian function. Similarly, the biexciton distri-
bution is well represented by a Gaussian with a smaller full

width. (b) The Gaussian functions in Fig. 7(a) are deconvolved
with a Gaussian function representing the instrumental resolu-
tion. The ratio of the deconvolved full widths is consistent with
local chemical equilibrium.
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Iz(t) lhz(t), and similarly for the biexcitons. Figure 9(a)
shows nxx(t) vs nz(t) for an initial pair density of 10'
cm . The square-law line through the data points indi-
cates that the excitons and biexcitons are in chemical
equilibrium over more than two orders of magnitude in
biexciton density. The hook feature in Fig. 5(b) is now
absent because the expanding area has been taken into
account. Evidently, fast interconversion allows the two
species to quickly reach a well-de5ned thermal and chem-
ical equilibrium. Figure 9(b) shows a similar plot for an
initial pair density of 10" cm . Because the expansion
is slow at low pair density, for this initial pair density the
area correction does little to change the shape of the
curve from that of Fig. 5(b); however, now the data for
the two initial densities fall on the same square-law line
to within experimental uncertainty.
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FIG. 9. (a) Exciton and biexciton densities plotted with time

as the parametric variable for an initial pair density of 10"
cm as in Fig. 5(b). Compared to Fig. 5(b), plotting the densi-

ties reveals an extended range over which the law of mass action
describes the exciton-biexciton dynamics. (b) Exciton and biex-

citon densities plotted for an initial pair density of 10" cm

which is 10% of the initial pair density in Fig. 9{a). Again, the

law of mass action is valid over the density region where there is

significant biexciton density. The square-law lines for the two

initial densities nearly coincide with each other, as expected of a
common equilibrium constant for a single equilibrium tempera-

ture.

0.0
(b) V. DISCUSSION AND CONCLUSIONS

500 1000 1500 2000

Time (ps)

FIG. 8. (a) The squares of the spatial F%'HM for the excitons
and biexcitons are plotted as functions of time for an initial pair
density of 10' cm . The instrumental FWHM has been
deconvolved for the data points in this plot. (b) The ratio of the
squares of the spatial FW'HM cluster around 0.5, indicating that
chemical equilibrium is maintained during the diffusive expan-
sion. The error bar shows an estimate of the precision of our
measurements.

Although the observation of biexcitons is enhanced in
GaAs MQW's compared to bulk GaAs, it had been gen-
erally believed that fast recombination would cause a de-
viation from the law of mass action. For example, Lover-
ing and co-workers found a subquadratic density depen-
dence which they attributed to a competition between
recombination and interconversion. Our time- and
space-resolved experiments show, however, that a quad-
ratic density dependence is quickly established and main-
tained over nearly three orders of magnitude in pair den-

sity, indicating that the excitons and biexcitons in our
GaAs MQW exhibit a local chemical equilibrium. More-
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over, the tight square-law dynamic behavior and self-

consistent line shape for the biexciton add considerable
strength over previous studies to the identification of the
low-energy emission line with the biexcitonic molecule.

The data in Fig. 9 show a departure from the quadratic
relationship at late times. There appear to be more biex-
citons than predicted by the law of mass action. At such
late times the biexciton strength is too small for accurate
deconvolution, and it is possible that other species such
as excitons bound to impurities contribute to the photo-
luminescence spectrum. Further work is required to
resolve this issue.

The time-integrated data of Fig. 4 do not take into ac-
count the expanding area of the gas. The "apparent" gas
area derived from the time-integrated spatial profile is
not necessarily the appropriate area with which to nor-
malize the intensity data. Since the interconversion
occurring concurrently with the expansion affects the ap-
parent area, there will be differences between the time-
integrated measurements and a steady-state measure-
ment. Indeed, normalizing the data of Fig. 4 by the
time-integrated apparent area significantly reduces the
exciton density at high excitation density and worsens the
agreement with Eqs. (7).' Fortunately, time-resolved
measurements avoid these problems.

The interesting rapid expansion observed before 500 ps
has previously been observed by Yoon et al. ' in a 210-A

GaAs MQW and also by Smith et al. ' Yoon and co-
workers showed that immediately following an intense 5-

ps laser pulse in a 3-IMm spot, the photoexcited carriers
can expand laterally in the plane of the quantum well
with diffusivity as high as 300 cm sec '. Our data show
that in the MQW used in this work, the initial rapid ex-
pansion also occurs with diffusivities of this magnitude.
With increasing excitation density, the rapid expansion
lasts longer, and the expansion coeScient increases. We
postulate that the electron-hole plasma, observed at high
excitation-densities, ' may play an important role for the
rapid expansion behavior which would also affect the
thermodynamics of the excitons and biexcitons.
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