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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 betwesdf and

3% 10 cm2 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 Physid$§1063-776(97)03107-7

1. INTRODUCTION 2. EXPERIMENTAL TECHNIQUE

. o : . e We selected for our experiments an undoped
Radiative recombination of excitons in quasi-two GaAs/Ab 1 GasAs heterostructure grown by the MBE

dimensional semiconducting structures is quite differentt . L ) :
. . . . . technique and containing a single quantum well of width
from the three-dimensional case. The lower dimensionality

of the system leads to radical changes in the interaction b(%izS nm. Excitons were generated by a pulsed picosecond

tween excitons and electromagnetic waves. Owing to th R6G dye laser operating at a wavelength of 590 nm with a
9 ' 9 90—ps pulse with a repetition rate of 4 MHz. The sample was

translational symmetry of a bulk crystal, this interaction re'placed in a cryostat. Pumping radiation was conducted to the

sults in formation of stationary excitonic polaritons, which . )
) . sample and luminescence was fed from the cryostat via an
can decay only through phonon scattering or conversion on .. . . . .
2 . : optic fiber with a diameter of 0.6 mm, adjacent to the sample
the crystal surfacé? In the case of excitons in quantum

. . o surface(within 0.5 mm). In order to prevent the spread of
wells, the translational symmetry in the direction perpen- - . i .
nonequlibrium carriers from the optically excited area, we

dicular to the quantum well plane is broken, which results in . : .
very fast(of order 10 psd f excitons with very small used samples with 0.5-mm mesas selectively etched on their
a very tastot orde padecay of excitons €1y Small - surfaces. Luminescence was detected by a photomultiplier

m-p_lane quaS|mqmentak(<koénw_X/c). Here_ﬁwx is the tube operating in the time-correlated photon-counting mode.

exglton energyn 1s .the refraction index, aqd Is the speed The densityN of nonequilibrium carriers in the quantum

of light. Excitons withk>ko do not rgcombmé. . . well at high pumping powers, when a dereseh plasma was
The cause of the fast recombination of excitons with roduced, was determined using two methods, namely, by

k<k, is the phase coherence of the excitonic states. The Io%nalyzing, the luminescence line shamnd by dériving it,

of coherence due to either localization of excitons, or Scatfrom the pumping power densitgunder conditions of the

tering by phonons, electrons or other quasiparticles leads to@xperiment, the lifetime of nonequilibrium carriers was al-

sha_rp increase in the electron lifetih®artial |on|zat_|on of ways much longer than both the laser pulse width and the
excitons at higher temperatures also leads to an increase Wdth of the time gate during which luminescence was de-
the excitonic system lifetim@.

. . tected. The values ofN determined by the two methods
In the present work, we have studied the effect of inter-

C i . o= . agreed within 10%, which indicates that nonequilibrium car-
particle interactions in the excitonic system in GaAs/AlGaAS o were effectively contained in the quantum well. At

quantum wells on the luminescence linewidth and lifetime|y o, pumping power densities, when the excitonic line

over a wide range of densities of nonequilibrium carriers,jominated in the luminescence spectrum, the concentration
including the region of the tr.anS|t|on from excitonic gas t0 55 derived from the pumping power density under the as-
electron—hole plasma. Experiments have been conducted akgmption that the fraction of carriers contained in the quan-

relatively high temperature of 77 K, when excitons andy,m well was constant as a function of the pumping power
electron—hole plasma coexist in equilibrium and the effect OHensity.

exciton localization on potential irregularities is negligible.

Under these conditions, it is possible to reliably determine

both the total density of photoexcited carriers and the syster%‘ EXPERIMENTAL RESULTS

composition, which allows us to analyze on a quantitative  Figure 1 shows luminescence spectra of a GaAs/AlGaAs
level the effect of exciton—electron collisions on the decay ofquantum well recorded over a wide range of pumping den-
excitonic states and on the radiative annihilation of excitonssities at an ambient temperature of 77 K. For comparison, an
and also to study the radiative recombination time in a quasiexcitonic spectrum recorded at 4.2 K is shown by a dashed
two-dimensional system in the region of high densities/ine in Fig. 1a. This curve demonstrates that the full width at
where the transition from excitons to electron—hole plasmdalf maximum(FWHM) A, of the exciton line at liquid he-
occurs. lium temperatures is 1.4 meV. This linewidth is due to local-
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ization of excitons at potential fluctuations caused by thenear this transition to the Fermi energy in theh plasma®
inhomogeneities in the quantum well width and the content  Figure 2 displays a decay of luminescence from the
of Al in AIGaAs.® Inhomogeneous broadening of the excitonquantum well| (t), at various pumping power densities. The
line of about 1 meV is typical of high-quality quantum wells luminescence decay time constatrfalls monotonically with
with L=5 nm? As the temperature is increased to 77 K at athe density of carriers in the quantum well. In a general case,
low pumping power density, the excitonic spectral line when the radiation lifetime, of the excitonic system recom-
broadens toA,=2.2 meV. In the range of low pumping bination is density-dependent, the time constarg related
powers, the linewidth is aImo;;[ consztant for photogeneratetb 7, by the equation

carrier densities of up ttN~10° cm™~. This leads us to a _

conclusion that the increase i in the temperature range =77 /(14 7dr /db), @
betwea 4 K and 77 K is mainly caused by the increase inwhere n= 7. /(7 + 7,,) is the luminescence quantum effi-
the exciton state damping due to the exciton—phonon scatiency andr,, is the nonradiation lifetime. Equatiofi) is
tering, i.e., it is a manifestation of the increase in the homoderived from the relations

geneous linewidth of the excitonic lirté. di/dt=—1/t %)
Figure 1 shows that the exciton line monotonically ’
broadens with the pumping power densitWw for =N/, ©)]

W=>3 nWi/cn?. This broadening is an indication of addi-
tional exciton damping due to collisions among particles, ~ AN/dt= =N/ +1ry). )
primarily exciton—electron collisions. The exciton binding Measurements of the quantum efficiency as a function of
energy in the quantum well is comparablekibat 77 K, and  electron—hole pair density in the quantum well at 77 K are
the excitonic gas is highly ionized in the range of densitiesplotted in Fig. 3. In the range of high densities
up to fairly high values. Besides, the exciton—exciton inter-(N=10-10"* cm™?) the quantum efficiency is constant.
action (involving two neutral particlesis notably weaker Measurements taken at lower temperatures indicatesilst
than the exciton—electron interaction.
At pumping power densitie$vV>100 nW/cnd, the car-
rier concentration is higher than the critical value for the
Mott transition from the excitonic gas to thee-h plasma. 10*3
Figure 1b clearly shows that the shape of the recombination ]
line in this case is in a good agreement with calculations
based on the plasma approximatioand the density and
temperature of thee—h plasma can be derived from the
shapes of experimental curve8ur fits of calculations to the
experimental line shapes indicate that the temperature of the
e—h plasma increases from 90 K dt=5x 10! cm 2 to 150
K at N=2x10'2 cm 2 Figure 1 also clearly demonstrates 10'3
that there are no peaks in the behavior of the linewidth in the 1
0

—
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density range corresponding to the transition from the exci- 10°
tonic gas to are—h plasma. This should have been expected,
because the excitonic line broadening just below this transi-

tion due to inte_raCt_ion between p_arti_cle_s is approximatelyg. 2. Luminescence decay curves for the quantum well at different den-
equal to the excitonic Rydberg, which is, in turn, comparablesities.
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FIG. 3. Quantum efficiency as a function @fh pair density in the quan-

tum well at 77 K. FIG. 5. Lifetime 7’ as a function oe—h pair concentration. Measurements

are plotted by full circles, calculations by Eq4), (9)—(12) by the solid
line. The dashed line shows the calculate¢h plasma lifetime at 77 K.

en  squares show calculations &=10cm™2 T=150K and
also constant in this density range as the temperature drOR£3xlglz cm 2, T=280 K.

down to 2 K, although the lifetime in this range drops more

than threefold. Therefore, in this range of densities we as-

sume 5~ 1. Figures 2 and 3 show thatincreases and the

quantum efficiency drops as the density falls below Sity of free electrons can be determined from the equality
10 cm™2, so the radiation lifetime becomes comparable tobetween chemical potentials of excitons and free electrons
o in this density range. In the range<10® cm 2 the and holes in equilibrium:

quantum efficiencyy is Iqwer_ than 0:1, i.e., the nonradia- = fot s (6)
tional channel of recombination dominates.

where uy o, are the chemical potentials of excitons, elec-
trons, and holes, respectively.

It follows from the approximation thag.=9.5. This
value is in agreement with earlier estimatesggfbased on
the four-wave mixing measuremenitgj,=10.2. The effect
of exciton—electron collisions on the width of the lumines-

4. DISCUSSION

The exciton line FWHM as a function of the density of
e-h pairs is given in Fig. 4. In the range<10' cm 2 the
function I'(N) is linear. It can be approximated using the

expressio cence line has been quantitatively estimated using the for-
malism developed by Feng and Spe&dhe homogeneous
Ax(Ne)=Axo+'e(Ne), (5 linewidth i€
where 2mg+m
, f dkIRQf| —= hk),
I'e(Ng)=0emRa& N, me+my,

R and a, are the exciton binding energy and Bohr radius,whereM = mg(mg+mg)/(2me+m;), me(my,) is the electron
respectively N, is the number of decoupleg-h pairs, and (hole) effective mass, and is the Fermi distribution func-
0. is the constant of electron—exciton interaction. The dention. The scattering cross section in this case is expressed as

M \? ™ m.K
_ s -1 -2 e
Q 477( me> k fo doK am,

21-3/2

1|

K 2

a8

2} -3/2

Q0
v

whereK =2ka, sin(d/2) and @ is the scattering angle. As a
result, we have derived the constant of the exciton—electron
L interactiong.=12.4, which is in a fair agreement with the

Linewidth, meV

FIG. 4. FWHM of the exciton line versus density @fh pairs.
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experimental data.

Figure 5 shows the function’ (N) = »7(N) obtained by
processing the data plotted in Figs. 2 and 3. It follows from
Eq. (2) that 7'(N) equals the radiation lifetime divided by
the factor & nd, /dt, which is, as will be shown below,
approximately equal to 2. Figure 5 clearly shows that in the
rangeN=3x10"—1C¢ cm2 the time 7'(N) decreases by
more than one order of magnitude in inverse proportion to

Kulik et al. 197



the density. At higher excitation densities this dependence is
weaker. The increase in the radiation lifetime at Ibivis f | Wo(r=0)|?
caused by ionization of excitons.

The fraction of nonionized excitons in the photoexcited

1- WaiNx—(’TTZ— 77')E31>2<Ne

system is + I In 2(k )2 ~ (12
a |
2v3 0 m,
a=&=1—+, (7)  Where
N 2NV(1+4N/K)
47N e?
where 07 e KT
NNy m.m,kT R w is the exciton reduced mass, agglis the material dielec-
K= N,  wh%m, &R 1) ®  tric permittivity. The ratio betweehl, andN, is determined

by Eq.(7). This result has been obtained in the likjb, <1
andm, is the exciton mass. Since the exciton Rydberg in theand R>kT, i.e., Eq.(12) is valid for No< 10 cm~2. The
quantum well(11.5 meV is comparable t&T at 77 K, the  second condition corresponds to the cRse11.5 meV and
ionization degree of excitons at low densities is high andkT=6.6 meV.
@ = 1IN (Fig. 5. Luminescence due to free electrons and  The first two terms in Eq(12) are due to the exchange
holes is negligible, so the radiation lifetime of the two- interaction between excitons, and between an exciton and
dimensional system can be expressed by free carriers, respectively. The third term is the contribution
of recombination of a free electrghole) with a hole(elec-
7(N)=7(T)/a(N). ©) tron) bound in an exciton. This term is positive, i.e., it de-
creases the exciton lifetime, and its contribution is significant
atN~10"°cm™2.
The solid trace in Fig. 5 corresponds to the function
TX(T)zngkTTO/ﬁZkg_ (10) 7' (N) calculated by Eqgs(1), (9)—(12) with due account of
exciton ionization, exciton—electron collisions, and changes
In the range of densitie>10" cm2, when the exci- in f,. The only adjustable parameter is the radiation time
ton line FWHM increasegFig. 4), the effect of collisions |t was selected to fit the calculations to experimental data in
among particles om, should be also taken into account. In a the range of low densities, where interparticle interaction can
general case, the time, is related to the homogeneous be neglected. The valug =24 ps derived from this fitting is

Here 7,(T) is the exciton radiation lifetime. It is related to
the reduction lifetimery for excitons withk<<k, by

2

broadeningl’y, of the luminescence line as follows: in a fair agreement with the calculatioris,=16 ps for a
AlGaAs/GaAs quantum well with =50 A) based on Ref. 2.
o hl'h The calculation ofr’(N) shown in Fig. 5 by the solid
Tx 70- (11 .. . .
1—exp(—#Al'L/KT) trace is in a good agreement with measurements for carrier

At . tration& L <kT. the lifet ) densities of up tdN~7x 10'° cm™2. At higher densities, the
isfi og E’flrrrlerdcpnp%n ra '%n ti:jﬂ H, elite Itrf?e sat calculations of7’(N) are notably different from measure-
ISTIES 7y and Is Independent ai. However, the con- ments, which indicates that in this region excitonic correla-

tribution of exciton—electron collisions becomes important atgﬁns are no longer dominant and the lifetimeesth pairs

Elgher densities, v;?egj_thle exctl_tonl damr;)_lngtlncgeaseds a%hould be calculated in the plasma approximation.
ecomes comparable tol. In particuiar, estimales based on The lifetime of dissociate@—h pairs in the quantum

Elq— 3(;11)01¥|eld_2anh mclze_ase N7 tby8 nh;:a\rlly hz;lf _atd well can be calculated similarly to that of excitchhe
N cm = whenl increases 1o eV as denved j,yerse lifetime of a pair can be expressed as follows:
from the luminescence line FWHM.
2

In addition, note that at high densities the exciton wave 1 27
function is modified by interparticle interaction, which leads T&}IN ———=e’m EehE My f peip,dV
i i i mOCO\/f—O
to a change in the exciton oscillator strendth and there-
fore in 7y (sincery « 1/f,, see Ref. 1D In fact, an electron 1 1
or hole, either free or bound in an exciton, can be scattered X325 2 f N S(k—k")d*kd?k’, 13

only to an unoccupied cell of tHespace. Therefore the scat-
tering rate of carriers decreases at high density. The modifiwheren, is the fermion distribution function, ang,, is the
cation of the exciton wave function results in a smaller os-envelope of the wave function in the conductalealence
cillator strength since it satisfiek, «| ¥ (r=0)|?, hence band. It follows from Eq(13) that the usually accepted den-
longer 7o and 7. sity dependence of the—h pair lifetime 7 =« n~? is valid
The contribution of interparticle interaction to the oscil- only in the case of nondegenerate fermion distribution,
lator strength can be taken into account in perturbatiorwhereas in the limitN77%2/m>kT of degenerate fermion
theory with the Coulomb interaction treated as a perturbastatistics, the lifetime oé—h pairs becomes independent of
tion. A similar technique was used by Schmitt—Rietkal,'°  the density and approaches a constant which equals 0.24 ns
who studied the many-body effects on excitonic absorptionfor the parameters of the quantum well in question. This time
To first order, the oscillator strength is given by is about an order of magnitude longer than the lifetime of
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excitons fork<<kg, but considerably shorter than the exciton ticle interaction in a GaAs/AlGaAs quantum well on the
lifetime at 77 K: 7,=0.8 ns. The measured and calculatedwidth of the luminescence line and carrier lifetime. At low
radiative lifetimes in the region of high densities are com-excitation densities, the role of thermal ionization of excitons
pared in Fig. 5, where the calculated dependence is indicateghs been considered. At higher excitation levels, including
by a dashed line. Even at very high densitls; 102 cm™%,  those corresponding to the region of the transition from the
the lifetime of thee—h plasma calculated fol =77 K is  exciton gas to electron-hole plasma, the effects of exciton—

notably shorter than measured. This is not surprising beg|ectron and exciton—exciton collisions and ionization of ex-
cause, as was noted above, the temperature of the photo€Xions have been analyzed.

citede—h plasma in a quantum well is higher than 200 K at
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