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The paper reports on an investigation of changes in the photoluminescence linewidth and lifetime
of excitons and electron–hole plasma over a wide range of densities between 33107 and
331012 cm22 at a temperature of 77 K in GaAs/AlGaAs quantum wells. The roles played by
thermal ionization of excitons at low densities of nonequilibrium carriers, exciton–exciton
and exciton–electron collisions, and ionization of excitons at high pumping power densities have
been studied. ©1997 American Institute of Physics.@S1063-7761~97!03107-7#
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Radiative recombination of excitons in quasi-tw
dimensional semiconducting structures is quite differ
from the three-dimensional case. The lower dimensiona
of the system leads to radical changes in the interaction
tween excitons and electromagnetic waves. Owing to
translational symmetry of a bulk crystal, this interaction
sults in formation of stationary excitonic polaritons, whic
can decay only through phonon scattering or conversion
the crystal surface.1,2 In the case of excitons in quantum
wells, the translational symmetry in the direction perpe
dicular to the quantum well plane is broken, which results
a very fast~of order 10 ps! decay of excitons with very sma
in-plane quasimomenta (k,k05nvx /c). Here \vx is the
exciton energy,n is the refraction index, andc is the speed
of light. Excitons withk.k0 do not recombine.2

The cause of the fast recombination of excitons w
k,k0 is the phase coherence of the excitonic states. The
of coherence due to either localization of excitons, or sc
tering by phonons, electrons or other quasiparticles leads
sharp increase in the electron lifetime.1 Partial ionization of
excitons at higher temperatures also leads to an increas
the excitonic system lifetime.3

In the present work, we have studied the effect of int
particle interactions in the excitonic system in GaAs/AlGa
quantum wells on the luminescence linewidth and lifetim
over a wide range of densities of nonequilibrium carrie
including the region of the transition from excitonic gas
electron–hole plasma. Experiments have been conducted
relatively high temperature of 77 K, when excitons a
electron–hole plasma coexist in equilibrium and the effec
exciton localization on potential irregularities is negligibl
Under these conditions, it is possible to reliably determ
both the total density of photoexcited carriers and the sys
composition, which allows us to analyze on a quantitat
level the effect of exciton–electron collisions on the decay
excitonic states and on the radiative annihilation of excito
and also to study the radiative recombination time in a qu
two-dimensional system in the region of high densiti
where the transition from excitons to electron–hole plas
occurs.
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We selected for our experiments an undop
GaAs/Al0.18Ga0.82As heterostructure grown by the MBE
technique and containing a single quantum well of wid
L55 nm. Excitons were generated by a pulsed picosec
R6G dye laser operating at a wavelength of 590 nm wit
70-ps pulse with a repetition rate of 4 MHz. The sample w
placed in a cryostat. Pumping radiation was conducted to
sample and luminescence was fed from the cryostat via
optic fiber with a diameter of 0.6 mm, adjacent to the sam
surface~within 0.5 mm!. In order to prevent the spread o
nonequlibrium carriers from the optically excited area, w
used samples with 0.5-mm mesas selectively etched on
surfaces. Luminescence was detected by a photomultip
tube operating in the time-correlated photon-counting mo
The densityN of nonequilibrium carriers in the quantum
well at high pumping powers, when a densee–h plasma was
produced, was determined using two methods, namely,
analyzing the luminescence line shape4 and by deriving it
from the pumping power density~under conditions of the
experiment, the lifetime of nonequilibrium carriers was a
ways much longer than both the laser pulse width and
width of the time gate during which luminescence was d
tected!. The values ofN determined by the two method
agreed within 10%, which indicates that nonequilibrium c
riers were effectively contained in the quantum well.
lower pumping power densities, when the excitonic li
dominated in the luminescence spectrum, the concentra
was derived from the pumping power density under the
sumption that the fraction of carriers contained in the qu
tum well was constant as a function of the pumping pow
density.

3. EXPERIMENTAL RESULTS

Figure 1 shows luminescence spectra of a GaAs/AlGa
quantum well recorded over a wide range of pumping d
sities at an ambient temperature of 77 K. For comparison
excitonic spectrum recorded at 4.2 K is shown by a das
line in Fig. 1a. This curve demonstrates that the full width
half maximum~FWHM! Dx of the exciton line at liquid he-
lium temperatures is 1.4 meV. This linewidth is due to loc
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FIG. 1. Luminescence spectra of
GaAs/AlGaAs quantum well at 77 K.
For comparison, the dashed line in Fig
1a plots the exciton luminescence spe
trum at 4.2 K.
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inhomogeneities in the quantum well width and the cont
of Al in AlGaAs.5 Inhomogeneous broadening of the excit
line of about 1 meV is typical of high-quality quantum wel
with L55 nm.5 As the temperature is increased to 77 K a
low pumping power density, the excitonic spectral li
broadens toDx52.2 meV. In the range of low pumpin
powers, the linewidth is almost constant for photogenera
carrier densities of up toN'109 cm22. This leads us to a
conclusion that the increase inDx in the temperature rang
between 4 K and 77 K is mainly caused by the increase
the exciton state damping due to the exciton–phonon s
tering, i.e., it is a manifestation of the increase in the hom
geneous linewidth of the excitonic line.1,6

Figure 1 shows that the exciton line monotonica
broadens with the pumping power densityW for
W.3 nW/cm2. This broadening is an indication of add
tional exciton damping due to collisions among particl
primarily exciton–electron collisions. The exciton bindin
energy in the quantum well is comparable tokT at 77 K, and
the excitonic gas is highly ionized in the range of densit
up to fairly high values. Besides, the exciton–exciton int
action ~involving two neutral particles! is notably weaker
than the exciton–electron interaction.

At pumping power densitiesW.100 nW/cm2, the car-
rier concentration is higher than the critical value for t
Mott transition from the excitonic gas to thee–h plasma.
Figure 1b clearly shows that the shape of the recombina
line in this case is in a good agreement with calculatio
based on the plasma approximation,3 and the density and
temperature of thee–h plasma can be derived from th
shapes of experimental curves.7 Our fits of calculations to the
experimental line shapes indicate that the temperature o
e–h plasma increases from 90 K atN5531011 cm22 to 150
K at N5231012 cm22. Figure 1 also clearly demonstrate
that there are no peaks in the behavior of the linewidth in
density range corresponding to the transition from the e
tonic gas to ane–h plasma. This should have been expect
because the excitonic line broadening just below this tra
tion due to interaction between particles is approximat
equal to the excitonic Rydberg, which is, in turn, compara

196 JETP 85 (1), July 1997
t

d

t-
-

,

s
-

n
s

he

e
i-
,
i-
y
e

Figure 2 displays a decay of luminescence from
quantum well,I (t), at various pumping power densities. Th
luminescence decay time constantt falls monotonically with
the density of carriers in the quantum well. In a general ca
when the radiation lifetimet r of the excitonic system recom
bination is density-dependent, the time constantt is related
to t r by the equation

t5ht r /~11hdt r /dt!, ~1!

whereh5tnr /(t r1tnr) is the luminescence quantum effi
ciency andtnr is the nonradiation lifetime. Equation~1! is
derived from the relations

dI/dt52I /t, ~2!

I 5N/t r , ~3!

dN/dt52N~1/t r11/tnr!. ~4!

Measurements of the quantum efficiency as a function
electron–hole pair density in the quantum well at 77 K a
plotted in Fig. 3. In the range of high densitie
(N51010– 1011 cm22) the quantum efficiency is constan
Measurements taken at lower temperatures indicate thath is

FIG. 2. Luminescence decay curves for the quantum well at different d
sities.
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also constant in this density range as the temperature d
down to 2 K, although the lifetime in this range drops mo
than threefold. Therefore, in this range of densities we
sumeh;1. Figures 2 and 3 show thatt increases and the
quantum efficiencyh drops as the density falls below
1010 cm22, so the radiation lifetime becomes comparable
tnr in this density range. In the rangeN,108 cm22, the
quantum efficiencyh is lower than 0.1, i.e., the nonradia
tional channel of recombination dominates.

4. DISCUSSION

The exciton line FWHM as a function of the density
e-h pairs is given in Fig. 4. In the rangeN,1011 cm22 the
function G(N) is linear. It can be approximated using th
expression9

Dx~Ne!5Dx01Ge~Ne!, ~5!

where

Ge~Ne!5gepRax
2Ne ,

R and ax are the exciton binding energy and Bohr radiu
respectively,Ne is the number of decouplede–h pairs, and
ge is the constant of electron–exciton interaction. The d

FIG. 3. Quantum efficiency as a function ofe–h pair density in the quan-
tum well at 77 K.

FIG. 4. FWHM of the exciton line versus density ofe–h pairs.

197 JETP 85 (1), July 1997
ps

s-

o

,

-

sity of free electrons can be determined from the equa
between chemical potentials of excitons and free electr
and holes in equilibrium:

mx5me1mh , ~6!

where mx,e,h are the chemical potentials of excitons, ele
trons, and holes, respectively.

It follows from the approximation thatge59.5. This
value is in agreement with earlier estimates ofge based on
the four-wave mixing measurements:9 ge510.2. The effect
of exciton–electron collisions on the width of the lumine
cence line has been quantitatively estimated using the
malism developed by Feng and Spector.8 The homogeneous
linewidth is8

Ge5
4 \2

pM E
0

`

dkk2Q fS 2me1mh

me1mh
kD ,

whereM5me(me1mh)/(2me1mh), me(mh) is the electron
~hole! effective mass, andf is the Fermi distribution func-
tion. The scattering cross section in this case is expresse

Q54pS M

me
D 2

k21E
0

p

duK22S F11S meK

4mh
D 2G23/2

2F11S K

4 D 2G23/2D 2

,

whereK52kax sin(u/2) andu is the scattering angle. As
result, we have derived the constant of the exciton–elec
interactionge512.4, which is in a fair agreement with th
experimental data.

Figure 5 shows the functiont8(N)5ht(N) obtained by
processing the data plotted in Figs. 2 and 3. It follows fro
Eq. ~2! that t8(N) equals the radiation lifetime divided b
the factor 11hdt r /dt, which is, as will be shown below
approximately equal to 2. Figure 5 clearly shows that in
range N533107– 109 cm22 the time t8(N) decreases by
more than one order of magnitude in inverse proportion

FIG. 5. Lifetimet8 as a function ofe–h pair concentration. Measuremen
are plotted by full circles, calculations by Eqs.~1!, ~9!–~12! by the solid
line. The dashed line shows the calculatede–h plasma lifetime at 77 K.
Open squares show calculations atN51012 cm22, T5150 K and
N5331012 cm23, T5280 K.
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of
weaker. The increase in the radiation lifetime at lowN is
caused by ionization of excitons.

The fraction of nonionized excitons in the photoexcit
system is

a5
Nx

N
512

K

2NA~114N/K !
, ~7!

where

K5
NeNh

Nx
5

memhkT

p\2mx
expS 2

R

kTD , ~8!

andmx is the exciton mass. Since the exciton Rydberg in
quantum well~11.5 meV! is comparable tokT at 77 K, the
ionization degree of excitons at low densities is high a
a } 1/N ~Fig. 5!. Luminescence due to free electrons a
holes is negligible, so the radiation lifetime of the tw
dimensional system can be expressed by

t r~N!5tx~T!/a~N!. ~9!

Here tx(T) is the exciton radiation lifetime. It is related t
the reduction lifetimet0 for excitons withk,k0 by

tx~T!53mxkTt0 /\2k0
2 . ~10!

In the range of densitiesN.1010 cm22, when the exci-
ton line FWHM increases~Fig. 4!, the effect of collisions
among particles ontx should be also taken into account. In
general case, the timetx is related to the homogeneou
broadeningGh of the luminescence line as follows:2,6

tx}
\Gh

12exp~2\Gh /kT!
t0 . ~11!

At low carrier concentrations\Gh!kT, the lifetime sat-
isfies tx } kT and is independent ofN. However, the con-
tribution of exciton–electron collisions becomes importan
higher densities, when the exciton damping increases
becomes comparable tokT. In particular, estimates based o
Eq. ~11! yield an increase intx by nearly half at
N5331011 cm22 when G increases to 8 MeV as derive
from the luminescence line FWHM.

In addition, note that at high densities the exciton wa
function is modified by interparticle interaction, which lea
to a change in the exciton oscillator strengthf x , and there-
fore in t0 ~sincet0 } 1/f x , see Ref. 10!. In fact, an electron
or hole, either free or bound in an exciton, can be scatte
only to an unoccupied cell of thek-space. Therefore the sca
tering rate of carriers decreases at high density. The mo
cation of the exciton wave function results in a smaller
cillator strength since it satisfiesf x }u C(r 50)u2, hence
longert0 andtx .

The contribution of interparticle interaction to the osc
lator strength can be taken into account in perturbat
theory with the Coulomb interaction treated as a pertur
tion. A similar technique was used by Schmitt–Rinket al.,10

who studied the many-body effects on excitonic absorpti
To first order, the oscillator strength is given by
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f x}uC0~r 50!u F12paxNx2~p 2p!axNe

1
p ln 2

2)
~k0ax!

2
m

mx
G , ~12!

where

k05
4pNee

2

e0kT
,

m is the exciton reduced mass, ande0 is the material dielec-
tric permittivity. The ratio betweenNx andNe is determined
by Eq.~7!. This result has been obtained in the limitk0ax!1
and R.kT, i.e., Eq.~12! is valid for Ne,1011 cm22. The
second condition corresponds to the caseR511.5 meV and
kT56.6 meV.

The first two terms in Eq.~12! are due to the exchang
interaction between excitons, and between an exciton
free carriers, respectively. The third term is the contribut
of recombination of a free electron~hole! with a hole~elec-
tron! bound in an exciton. This term is positive, i.e., it d
creases the exciton lifetime, and its contribution is signific
at N;1010 cm22.

The solid trace in Fig. 5 corresponds to the functi
t8(N) calculated by Eqs.~1!, ~9!–~12! with due account of
exciton ionization, exciton–electron collisions, and chang
in f x . The only adjustable parameter is the radiation timet0 .
It was selected to fit the calculations to experimental data
the range of low densities, where interparticle interaction c
be neglected. The valuet0524 ps derived from this fitting is
in a fair agreement with the calculations~t0516 ps for a
AlGaAs/GaAs quantum well withL550 Å! based on Ref. 2.

The calculation oft8(N) shown in Fig. 5 by the solid
trace is in a good agreement with measurements for ca
densities of up toN'731010 cm22. At higher densities, the
calculations oft8(N) are notably different from measure
ments, which indicates that in this region excitonic corre
tions are no longer dominant and the lifetime ofe–h pairs
should be calculated in the plasma approximation.

The lifetime of dissociatede–h pairs in the quantum
well can be calculated similarly to that of excitons.2 The
inverse lifetime of a pair can be expressed as follows:

teh
215

1

N

2p

m0c0Ae0

e2mEeh( mvcU E cccvdVU2

3
1

\2

1

2p2 E nknk8d~k2k8!d2kd2k8, ~13!

wherenk is the fermion distribution function, andcc(v) is the
envelope of the wave function in the conductance~valence!
band. It follows from Eq.~13! that the usually accepted den
sity dependence of thee–h pair lifetime t } n22 is valid
only in the case of nondegenerate fermion distributio
whereas in the limitNp\2/m@kT of degenerate fermion
statistics, the lifetime ofe–h pairs becomes independent
the density and approaches a constant which equals 0.2
for the parameters of the quantum well in question. This ti
is about an order of magnitude longer than the lifetime

198Kulik et al.
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lifetime at 77 K: tx50.8 ns. The measured and calculat
radiative lifetimes in the region of high densities are co
pared in Fig. 5, where the calculated dependence is indic
by a dashed line. Even at very high densities,N.1012 cm22,
the lifetime of thee–h plasma calculated forT577 K is
notably shorter than measured. This is not surprising
cause, as was noted above, the temperature of the pho
citede–h plasma in a quantum well is higher than 200 K
such densities. At so high temperatures, holes are nonde
erate, which increases the radiative lifetime of thee–h pairs.
The two points indicated by open squares in Fig. 5 cor
spond to calculations forN51012 cm22 at T5150 K and for
N5331012 cm22 at T5280 K, i.e., at temperatures derive
from luminescence spectra of thee–h plasma. These calcu
lations are in good agreement with experimental values.

It is obvious that the lower boundary of the region whe
the plasma approximation can be used in calculatingt8 is
determined by the emergence of exciton-like correlations
the plasma. Excitonic correlations lead to a larger over
between the electron and hole wave functions, hence
shorter lifetime. Figure 5 indicates that this transition occ
near the densityN}1011 cm22, which corresponds to the
nondimensional parameterr s51/pax

2N'3, in agreement
with the expected value for the exciton-to-plasma transit
in a dense electron–hole system.

5. CONCLUSION

Under conditions of equilibrium between excitons a
electron–hole plasma, we have studied the effect of inter
199 JETP 85 (1), July 1997
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width of the luminescence line and carrier lifetime. At lo
excitation densities, the role of thermal ionization of excito
has been considered. At higher excitation levels, includ
those corresponding to the region of the transition from
exciton gas to electron-hole plasma, the effects of excito
electron and exciton–exciton collisions and ionization of e
citons have been analyzed.
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