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Free-carrier effect on exciton dynamics in GaAs/Al, Ga,_, As quantum wells

B. M. Ashkinadze, E. Linder, E. Cohen, and Arza Ron
Solid State Institute, Technion—Israel Institute of Technology, Haifa 32000, Israel

L. N. Pfeiffer
AT&T Bell Laboratories, Murray Hill, New Jersey 07974
(Received 20 September 1994)

We report on a strong modulation of the resonantly excited (e1:hh1)1S exciton photoluminescence and
LO-phonon Raman scattering by an additional, weak, above-gap radiation at low temperatures. These
effects are attributed to the interaction between excitons and cold, free carriers (in the e-A pair density
range of 10° <n < 107 cm™2) that causes an exciton population redistribution and an increased dephasing
rate. The analysis indicates that localized and delocalized exciton states span the same spectral range. It
also yields the spectral dependence of the additional exciton dephasing that is due to the interaction with

free carriers.

The low-temperature optical and electrical properties
of semiconductor quantum wells (QW’s) are determined,
to a large extent, by the in-plane translational motion of
e-h pairs in the spatially fluctuating potential. In particu-
lar, luminescence and light scattering that are resonantly
excited near the (el-hhl) band gap are strongly affected
by the dynamics of the photoexcited e-h pairs, both exci-
tons and free carriers. These include scattering or locali-
zation by interface potential fluctuations and acoustic-
phonon scattering processes.’? Experimentally, these
processes are investigated by extracting the temporal and
spectral dependence of the exciton population [within
the inhomogeneously broadened (el:hh1)1S band] and
of the exciton dephasing rate.> ¢ The latter was mea-
sured (as the homogeneous width I',) for various
GaAs/Al Ga,_,As QW’s by several techniques and was
found to vary from I';,(E)~0.03 meV in the low-energy
tail of the (el:hh1)1S band to ~2 meV in the high-
energy part (at low temperatures). This was explained by
an increased exciton transfer rate with increasing exciton
energy E.

Upon increasing the photoexcitation intensity, several
new effects were observed and attributed to exciton-
exciton and exciton-free-carrier interactions. The pho-
toluminescence (PL) rise time was found’® to decrease
with increased e-h pair density in the range
n~(2%x10%)-10" cm~2 and was explained by an in-
creased exciton cooling rate. The PL decay was found'®
to be nonexponential for n ~(1.5-8)X 10® cm ™2 and this
was explained by a time-dependent I';, (due to exciton-
exciton scattering). A linear dependence of I';, on n was
observed, by using the time-resolved four-wave-mixing
techniques,®!! in the range n ~10°-(2X10'%) cm™2. It
was also found that the exciton—free-carrier scattering is
an order of magnitude more effective in exciton dephas-
ing than exciton-exciton scattering. No spectral depen-
dence of the high-density excitons or free carriers on the
exciton decay rate and I';, was reported.

In this work we report on phenomena that result from
the interaction of excitons with cold, free carriers in un-
doped GaAs/Al Ga;_,As QW’s that are photoexcited
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in the range of very low e-h pair densities
(10°<n <107 cm?). The resonantly excited luminescence
spectrum and the LO-phonon resonant Raman scattering
(RRS) intensity are found to be affected by a weak, addi-
tional photoexcitation with (laser) energy above the
(el-hh1) band gap. These are observed in the limit of
single-exciton—carrier scattering and are used to study
the spectral dependence of the exciton—free-carrier in-
teraction and its effects on the exciton population distri-
bution and dephasing. The analysis indicates that exci-
tons localized by interface potential fluctuations are
affected by the interaction with free carriers and that
their density of states spans the entire (e1:hh1)1S band.
The photomodulation method introduced here also pro-
vides a direct determination of the (e1-hh1) band gap.
Several undoped GaAs/Alj ;;Gaj ¢;As multiple QW’s
were studied. They were all grown by molecular-beam
epitaxy on (001)-oriented GaAs substrates and have well
widths of 50, 70, and 100 A and a barrier width of 200 A.
(Detailed microwave modulation, absorption, and polar-
ization studies of the same QW’s were reported previous-
ly.!213) The samples were placed in an immersion-type
Dewar and the temperature was varied in the range
1.8-30 K. They were simultaneously irradiated by two
laser beams, both impinging on the same spot on the sam-
ple surface, in a backscattering geometry. One beam (of
either a Ti:Al,0; or a dye laser), denoted L, was tuned
resonantly within the inhomogeneously broadened
(e1:hh1)1S exciton band. It serves as the excitation
source of both the exciton PL and the exciton-mediated
LO-phonon RRS. Its intensity at the sample surface was
varied in the range I L1~0.05—-5 W /cm? (generating a

steady-state exciton density 7, ~10°-10" cm~2). A
second laser beam (either of a pyridine 2 dye laser or a
He-Ne laser), denoted L,, serves as a modulation source.
Its energy was varied over a wide range
EL] <EL2 <EL] +0.3 eV, where Ep is the L, laser ener-

gy. Its intensity was in the range IL2~0.01—1 W /cm?

and it was chopped at a frequency of 900 Hz. The light
emitted from the photoexcited multiple QW’s was moni-
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tored by a double monochromator and the signal was
processed by a lock-in amplifier. In the following we de-
scribe results obtained for the 50 A multiple QW. Simi-
lar results were obtained for the other QW’s.

The effect of an additional above-gap excitation on the
PL spectral shape is shown and explained in Figs. 1(a)

and 1(b). The PL spectrum, excited by L,, is shown in -

Fig. 1(a) (solid line). When a cw L, is turned on, the PL
spectral shape is modified (dotted line): the intensity de-
creases in the high-energy part and increases in the low-
energy tail. In Fig. 1(b) the photomodulated PL (MPL)
spectrum is shown by the solid line. It is obtained by first
exciting simultaneously with a cw L and a chopped L,
and monitoring the PL at the modulation frequency
(dashed line). From this spectrum we then subtract the
PL spectrum excited only by the chopped L, (dotted
line). The resulting spectrum is the net photomodulation
effect, namely, the variation induced in the resonantly ex-
cited (with L) PL by the above-gap excitation (with L,).
It is observed that for given E L, and I L, the MPL spec-

tral shape is independent of I L, The integrated intensity

of either the positive or the negative part of the MPL de-
pends sublinearly on I L, (Iypr ~ 1, ,f; %) and linearly on

I; . The maximal modulation depth is ~25% for
GaAs/Al, 53Ga, 5,As
50A / 2004 E,,=1.96eV

T=2K

Intensity (arbitrary units)

1.62 I 1.63 l 1.64
Energy (eV)
FIG. 1. (a) The (e1:hh1)1S PL band obtained under resonant
excitation at E, L= 1.631 eV (solid line) and under an additional
excitation at E L, (dotted line). (b) The photomodulated PL

spectrum (solid line) is obtained by subtracting the PL spectrum
excited at EL2 (dotted line) from that excited at both E L and

E L, (dashed line). In all spectra, the cw L, laser intensity is 1.5

W/cm? and the chopped L, laser intensity is 0.2 W/cm?. (c) The
microwave-modulated PL spectrum.
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I, ~ 1 W/cm? Note that the PL intensity depends
linearly on either I L, or I L, when they excite the QW sep-

arately.

In order to compare the MPL spectrum with that ob-
tained in other modulation experiments, we show in Fig.
1(c) an example of a microwave modulated PL spectrum
of the same sample.'? The temperature-modulated spec-
trum'? has a similar shape to that of Fig. 1(c), but is
much weaker. It is clear that these modulations have an
effect on the PL spectrum opposite that of photomodula-
tion. The integrated MPL intensity decreases with in-
creasing temperature until it vanishes at 77>20 K. Its
temperature dependence has a single activation energy of
2.2 meV.

The dependence of the modulation effect on the energy
of the additional photoexcitation E L, is studied in Fig. 2.

A series of PL excitation (PLE) spectra is shown, all mon-
itored at the peak of the PL band [at E,,, Fig. 2(a)]. The
PLE spectrum, excited with a chopped L, and no L, is
shown in Fig. 2(b). Then a cw L, is added at either
E L= 1.635 or 1.640 eV, resulting in the PLE spectra of

Figs. 2(c) and 2(d), respectively. We note that all three
PLE spectra are identical in the spectral range
Ep <1.642 eV, while large differences between them are
found for higher E L, This is better presented in Fig.

2(e), which shows the difference between the spectra
shown in Figs. 2(b) and 2(c). The sharp decrease in the

C
(c) GaAs/Aly 5,Ga, ;A

50A / 200A
T=2K

Intensity (arbitrary units)

MPLE

1.62 1.64 1.66 1.68 1.70

FIG. 2. PLE spectra monitored at the peak of the PL band
[E,, in (a)]: Spectrum (b) is obtained without resonant excitation
in the (e1:hh1)1S band, while spectra (c) and (d) are obtained
with such excitations. (e) The photomodulated PLE spectrum.
The laser intensities are the same as in Fig. 1.
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PL intensity that sets in at E L,= 1.642 eV will be shown

below to provide a direct determination of the (el-hhl)
band gap.

Finally, we studied the photomodulated resonant Ra-
man scattering (MRRS) profile. This was done by first
measuring the intensity of the GaAs-like LO-phonon Ra-
man line, excited by a cw L, and then its modulation by
a chopped L,, with EL2= 1.96 eV. The MRRS is nega-

tive. Its intensity, divided by the corresponding RRS in-
tensity, was measured for various E; and is shown in

Fig. 3(a). Also shown are the RRS profile [Fig. 3(b)] and
the PLE spectrum [Fig. 3(c)] that is monitored at the PL
peak (E, ). Note that a similar MRRS was obtained for
E, = 1.65 eV, just above the band gap.

We interpret the effect of above-gap photomodulation
on the PL spectral shape and RRS intensity as due to the
interaction of localized excitons with cold, free carriers.
The resonant L, excitation creates excitons only and
these are distributed among the states that result from
the perturbation on the exciton in-plane motion by the
spatially fluctuating potential. This gives rise to the inho-
mogeneously broadened PL band. When L, is applied,
additional excitons as well as free carriers are generated.
The net effect of the L, photomodulation, as shown in
Fig. 1(b), is an intensity decrease in the upper part of the
PL band and an increase in its lower part. This pattern is
observed when L, is tuned over the entire (el:hh1)1S
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FIG. 3. (a) The photomodulated LO-phonon RRS profile. (b)
The RRS profile (incoming beam resonance). (c) The PLE spec-
trum monitored at the peak of the PL band (obtained without
excitation at E L, ). The laser intensities are I L, =2 W/cm? and

I, =0.5 W/cm?
2
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band. Carrier or lattice heating (by L,) is ruled out since
both microwave and temperature modulations produce
the opposite effect!? [Fig. 1(c)]. The modulated PLE
spectra (Fig. 2) and the dependence Iyppy < 1/ 2 indicate

that the MPL is caused by cold, free carriers that are gen-
erated by L,. The sharp onset of modulation at
E L= 1.642 eV coincides with the (e1-hhl1) band gap de-

duced from the 1S-2S energy interval of the (el:hhl) ex-
citon.!® The MPL intensity dependence of I L, is ex-

plained by the steady-state free-carrier density, when the
formation of excitons 1is the limiting factor:
dn/dt=G, —bn? leads to n =(G,/b )72, Here Gy, is

the generation rate of e-h pairs and b is the exciton for-
mation coefficient. In contrast to this dependence, we
found that I'ypy <1 Ly namely, it is linearly dependent on

the density of the resonantly generated excitons. We can
therefore sum up the observed photomodulated PL inten-
sity dependences as

IypL=A(E ,EL I 117 . (1

The physical mechanism that determines the MPL is
represented by the A(E; ,E; ) function and is based on

the details of the exciton—free-carrier interaction. The
following mechanisms are possible: (i) Free carriers in-
duce an exciton transfer from one localized state into
another. The carrier takes up the energy difference be-
tween the two exciton states in the inelastic scattering
process. (ii) The carrier imparts some kinetic energy to
the localized exciton, thus activating it into a delocalized
state from which it is trapped into a lower-energy state.
In either case, the excitons involved in the MPL effect
must be localized; otherwise they would rapidly transfer
by the dominant acoustic-phonon-assisted process and
the population distribution will be that obtained under ei-
ther L, or L, excitation. Considering the MPL spectral
shape, it changes sign at the same energy as the mi-
crowave MPL spectrum [Figs. 1(b) and 1(c)]. This energy
thus corresponds to localized excitons having exactly
equal in (and out) transfer rates. Also, the decrease of the
(integrated) MPL intensity with increasing temperature
has an activation energy of 2.2 meV. This indicates that
the localized excitons involved are a subset of the entire
exciton population that cannot tunnel (within their radia-
tive lifetime) unless they surmount a barrier of 2.2 meV.
This must be taken as an average value, since the temper-
ature dependence of the integrated MPL intensity is used.

The photomodulated RRS intensity renders further
support to this analysis. The intensity of the LO-phonon
scattering, which is resonantly excited at E L, (incoming

beam resonance), is given by> 1413
I‘,,(E)p(E)dEdI"h
Igrs(E; )=B , (2)
rrs(EpL, ff(E —E, PHTLE)

where p(E) is the exciton density of states and B contains
the exciton-photon and exciton-photon interaction fac-
tors. The damping factor is taken'>!® as the dephasing
rate of the exciton in the state with energy E. There is a
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distribution of I';,(E), for excitons with the same E, due
to the different dynamic processes that they undergo.
This leads to the integration over all I';,(E). Clearly the
highest contribution to Izgg comes from states with the
smallest I', (E). Then the integration in Eq. (2) can be ap-
proximated?® as

iy p( E L, )
Igps(Ep )~B——"—7 . 3
RRs\ L, T, (E, 1 ) )
Under L, excitation, only exciton—acoustic-phonon

scattering contributes to the damping (at a rate of I'}°).
With L, photomodulation, exciton—free-carrier scatter-
ing is added:

I, (E)=T%®E)+TE) . 4)
Then, using Eq. (3),
IMRRS(ELI ) I‘ff(ELl )
IRRS(ELI) Fh(ELl) '

(5)

Consequently, the MRRS profile of Fig. 3(a) yields the
(relative) change in the dephasing rate due to the
exciton—free-carrier interaction. This profile extends to
energies higher than the PL band. Previous studies'®!’
of the spectral and temporal dependences of the exciton
circular and linear PLE polarizations indicated that they
are due to delocalized excitons. These are excitons that
can move over large interface islands with an approxi-
mately defined in plane k. Therefore, they are efficiently
scattered by acoustic phonons and thus have a large I'}".

We conclude that the largest contribution to the MRRS
must be due to localized excitons since they have a slow
acoustic-phonon-assisted transfer rate into lower-energy
states and are most sensitive to free-carrier scattering.
The MRRS profile thus shows that both localized and
delocalized excitons share the same spectral range of the
entire inhomogeneously broadened (el:hh1)1S band. A
similar conclusion has been reached by Shields et al.,®
who analyzed the spectral dependence of the exciton de-
phasing time.

In summary, we showed, by using a relatively simple
photomodulation technique, that free carriers interact
with excitons in GaAs/Al,Ga,;_,As QW’s even for ex-
tremely low e-h pair densities. This leads to effects that
are observed in the limit of single-scattering events be-
tween the elementary excitations of QW’s: a redistribu-
tion of the exciton population among the states that re-
sults from the interface roughness and an additional exci-
ton dephasing that reduces the LO-phonon RRS intensi-
ty. We argue that the most affected excitons are those in
localized states and that their density spans the entire
(e1:hh1)1S band. This leads to the important conclusion
that in QW?’s, localized and delocalized exciton states
coexist in the same spectral range.
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