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Time-integrated and time-resolved photoluminescence studies of GaAs-AlAs single quantum
wells under hydrostatic pressure were performed at 77 K. The I'-point exciton luminescence
quenches when the luminescence peak energy approaches 1.83 eV under hydrostatic pressure. The
quenching is ascribed to the interlayer I'-X crossing. Photoluminescence shows anomalously slow
decay ranging from several nanoseconds to a few tens of nanoseconds under low hydrostatic pres-
sure. With the further increase of hydrostatic pressure, the luminescence rise decreases drastically
and is less than a few tens of picoseconds around the interlayer I'-X crossover. The appearance of
the slow decay component and the sudden decrease in the rise time are explained by the interlayer

I'-X transfer of electrons.

I. INTRODUCTION

Recently, much effort has been devoted to clarify the
electronic structure of the staggered-alignment GaAs-
AlAs, GaAs-Al,Ga,_,As, and Al Ga,;_,As-AlAs
quantum-well structures.! ™! Many distinct optical
properties concerning the interlayer I'-X crossing have
been studied by changing the aluminum content,>”* the
layer thickness,’ ° application of the hydrostatic pres-
sure,'" 14 or the electric field.!> Most of the previous
studies concern the static optical properties. Some time-
resolved measurements of luminescence were reported,
but were done in the fairly slow time domain ranging
from nanoseconds to microseconds,”” ”!* where the main
interest is focused on the X-point exciton luminescence.
In contrast, we obtained the detailed temporal informa-
tion about the lowest-energy I'-point exciton lumines-
cence around the interlayer I'-X crossover. In this work
we have used hydrostatic pressure to induce the inter-
layer I'-X crossing in GaAs-AlAs single quantum wells.
The temporal profile of the I'-point exciton luminescence
was studied by means of picosecond and nanosecond
time-resolved spectroscopy. On the basis of the experi-
mental results, we clarify the dynamical relaxation pro-
cesses of carriers inherent in the interlayer I'-X mixing.

II. EXPERIMENTAL PROCEDURES

The sample used in this study was grown by metalor-
ganic chemical vapor deposition. The sample consists of
five single GaAs well layers separated by wide AlAs bar-
rier layers 48 nm thick. Well thicknesses are 2.9, 4.2, 5.8,
9.3, and 15 nm, respectively. Single quantum wells were
grown on a GaAs substrate and were covered with an
Alp sGag sAs cap layer 100 nm thick. The GaAs sub-
strate was thinned to 50 um. A small piece of the
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thinned sample was placed in a Merrill-Bassett diamond-
anvil cell. As the pressure-transmitting fluid, liquid ni-
trogen was used. The energy shift of the R, lumines-
cence line from a ruby crystal was used to calibrate the
pressure. The cell was directly immersed in liquid nitro-
gen. The energy shift of the R, line was measured by an
85-cm double monochromator.

One of three following excitation light sources was
used depending on the purpose of the experiments. It
was either a 514.5-nm (2.409 eV) line of a steady-state
argon-ion laser, or 532-nm (2.33 eV) pulses (82 MHz) ob-
tained by the second harmonics of the fiber-compressed
output of the mode-locked Nd**:YAG (YAG denotes yt-
trium aluminum garnet) laser, or 574-nm (2.16 eV) pulses
(4 MHz) generated by a cavity-dumped synchronously
pumped dye laser. In all the cases, the GaAs wells are
selectively photoexcited because the direct energy gap of
AlAs is 3.125 eV at 77 K.!® For the time-resolved
luminescence measurement, a synchroscan streak camera
and single-photon counting electronics were used togeth-
er with a 25-cm monochromator for the picosecond and
nanosecond time regimes, respectively. The synchroscan
streak camera was operated with the repetition rate of 82
MHz by using 532-nm pulses (5 ps) as the excitation
source, while the single-photon counting electronics were
operated with the repetition rate of 4 MHz by using 574-
nm pulses (1 ps) as the excitation source. The time reso-
lution of the former system was 74 ps, while that of the
latter system was 0.85 ns.

III. EXPERIMENTAL RESULTS
AND DISCUSSIONS

A. Luminescence under hydrostatic pressure

The luminescence spectrum at 77 under K atomos-
pheric pressure is shown in Fig. 1 together with the
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FIG. 1. Luminescence spectra of the 77 K under various hy-
drostatic pressures. Luminescence peaks labeled by a, b, ¢, d, e,
and s come from the 2.9-, 4.2-, 5.8-, 9.3-, and 15-nm GaAs wells
and the GaAs substrate, respectively.

luminescence under various hydrostatic pressures. At at-
mospheric pressure, the sample showed six distinct
luminescence peaks which are ascribed to the I' excitons
associated with the lowest I" subband in five GaAs single
quantum wells and the luminescence from a GaAs sub-

strate. The lowest quantum levels in 2.9-, 4.2-, 5.8-, 9.3-,

and 15-nm GaAs quantum wells were calculated by the
envelope-function approximation in the finite-well mod-
el,'’7 and their lowest-energy intersubband transitions
were found to be 1.797, 1.685, 1.620, 1.562, and 1.533 eV,
respectively.'® Here, exciton binding energy was not tak-
en into account. The estimated values agree with the ob-
served values, 1.772, 1.675, 1.618, 1.561, and 1.527 eV
with the error of 25, 10, 2, 1, and 6 meV, respectively.
The agreement is good. In order to check the sample
quality, the relative luminescence intensity and the life-
time of excitons were studied between 4.2 and 80 K at at-
mospheric pressure. The reduction in the luminescence
intensity of excitons in all the GaAs wells from 4.2 to 80
K was at most 30%. The lifetime of excitons was found
to increase with the increase of the well width and the
rise of the temperature. The increase of the lifetime is
well explained by the increase of the exciton coherent
volume with the increase of the well width and tempera-
ture consistently with the result by Feldmann et al.'®
Therefore, the measured exciton recombination rate is
the radiative rate, and is affected little by nonradiative
contributions.

With the application of hydrostatic pressure, the exci-
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ton luminescence shifts toward higher energy, as shown
in Figs. 1 and 2. There is no significant broadening of
luminescence peaks. The energy shift with pressure of
the luminescence from the 5.8-, 9.3-, and 15-nm wells
were well fitted by straight lines, but those from the 2.9-
and 4.2-nm wells were fitted by quadratic curves. The
pressure dependence of the quantum-well luminescence
energy is similar to that observed by previous au-
thors.!'” !> The exciton luminescence quenches when its
energy approaches 1.83 eV. We have measured the in-
tegrated intensity of the luminescence peaks with careful
correlation of the wavelength dependence of the sensitivi-
ty of the experimental system by using a standard light
source. In Fig. 2, the hatched part shows the region
where the luminescence intensity changes from 50% to
less than 0.1% of that in atmospheric pressure. The
luminescence quench is ascribed to the interlayer I'-X
crossing, as reported by previous authors.!®"* Wolford
et al. reported the reduction in luminescence intensity to
be 1% just after the interlayer I'-X crossover.!® Venka-
teswaran et al. reported a reduction in intensity of
10%."% The hatched region shows this range with some
allowance. The pressure coefficient of the I'-X transition
in GaAs-AlAs is reported to be —2.4 meV/kbar.?° Using
this value, the X-state energy in AlAs is drawn so as to
pass through all of the hatched regions. The procedure
yields the band offset ratio of 0.77:0.23. The I'-X inter-
layer crossing occurs at the cross points. The pressures
at the crosses denoted by P, are 5.7%1, 14.1+1, 18.1%1,

PHOTON  ENERGY (eV)

GaAs-AlAs
77K
0 " 10 20 ‘ 30
PRESSURE (k bar )

FIG. 2. Luminescence peak energies as a function of hydro-
static pressure at 77 K. Solid circles, open circles, solid squares,
open squares, solid triangles, and open triangles show lumines-
cence from the 2.9-nm GaAs well, the 4.2-nm GaAs well, the
5.8-nm GaAs well, the 9.3-nm GaAs well, the 15-nm GaAs well,
and the GaAs substrate, respectively. Experimental points are
fitted by six lines, a, b, ¢, d, e, and s, which are represented
by 1.77+1.590X1072P —7.4X107*P? eV, 1.67+1.358
X1072P —2.3X107*P? eV, 1.62+1.028X1072P eV, 1.56
+1.051X1072P eV, 1.534+1.065X107?P eV and 1.51
+1.071X1072P eV, respectively. Here P is the hydrostatic
pressure in units of kbar. The hatched region corresponds to
the luminescence intensity changes from 50% to less than 0.1%
of that in atmospheric pressure. The dashed line shows pressure
dependence of the X-point energy in AlAs.
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FIG. 3. Normalized temporal profile of the lowest-energy I'-
point exciton luminescence from the 4.2-nm GaAs well under
various hydrostatic pressures at 77 K. Data are shifted in turn
by a decade. The data denoted by ‘“laser” show the temporal
resolution of the experimental system.
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FIG. 4. Normalized temporal profile of the lowest-energy I'-
point exciton luminescence from the 15-nm GaAs well under
various hydrostatic pressures at 77 K. Data are shifted in turn
by a decade. The data denoted by “laser” show the temporal
resolution of the experimental system.
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22.5+1, and 24.51t1 kbar for the 2.9-, 4.2-, 5.8-, 9.3-, and
15-nm wells, respectively.

B. Time-resolved study of luminescence
under hydrostatic pressure

Time-resolved study of exciton luminescence was done
in picosecond and nanosecond time domains. The tem-
poral response was investigated in the nanosecond time
domain by using picosecond light pulses and time-
correlated single-photon counting. Figure 3 shows the
results for the 4.2-nm GaAs quantum well. With the ap-
plication of 8-15 kbar, a slow decay component ranging
between several nanoseconds and a few tens of
nanoseconds in decay time appears. For the 4.2-nm well,
P. is almost equal to 14.1+1 kbar. As the pressure in-
creases and approaches P,, the decay time of the slow de-
cay component increases. Figure 4 shows the results for
the 15-nm GaAs quantum well. In this case, the slow de-
cay component is observed again. The slow decay com-
ponent contributes most at P=11.4 kbar. This pressure
corresponds to an energy separation between the lowest
I' quantum state in GaAs and the X state in AlAs of 170
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FIG. 5. (a) Decay time of the slow decay component of the
exciton luminescence as a function of the energy separation AE
from the lowest I" subband energy in GaAs to the X-state ener-
gy in AlAs. Data of 4.2-, 5.8, 9.3- and 15-nm wells are plotted
by open circles, solid squares, open squares, solid triangles, and
open triangles, respectively. (b) The relative contribution of the
slow decay component, S/(F +.5), as a function of AE. Here, S
and F denote the time-integrated luminescence intensity of the
slow (3.9<7,<24 ns) and fast (1.2<7,<1.5 ns) decay com-
ponents, respectively. Lines are guides for the eye. The arrows
indicate apparent maxima.



40 DYNAMICAL ASPECTS OF LUMINESCENCE FROM GaAs-AlAs . . .

meV. With the further increase of the pressure, the slow
decay component becomes gradually smaller between 11
and 17 kbar. Similar characteristics were observed for
the 5.8- and 9.3-nm GaAs quantum wells. We fitted
the data by two exponential decays, ajexp(—1/7;)
+a,exp(—t/7,), where a ;) is the amplitude of the fast
(slow) decay component and 7y is the decay time con-
stant of the fast (slow) component. Here, the fast decay
time constant 7, was found to range from 1.2 to 1.5 ns
and the slow decay time constant from 3.9 to 24 ns. Fig-
ure 5 shows the slow decay time constant, 7, and the rel-
ative contribution of the slow decay component,
S/(F +S)=a;7,/(a;7,+a,7,), as a function of the ener-
gy separation AE between the lowest I' subband in GaAs
and the X state in AlAs. As the energy of the lowest T
quantum state in GaAs well increases and approaches the
X state in AlAs, the time constant of the slow decay com-
ponent increases, but its relative contribution is at its
maximum at the positions indicated by arrows which
define AE,,. With the decrease of well width, AE,, in-
creases and approaches zero.

The growth of the exciton luminescence shows a more
drastic change. The rise part of the exciton luminescence
was studied in the picosecond time domain by using the
picosecond light pulses and the streak camera. Figure 6
shows the rise of the exciton luminescence for all wells
around the interlayer I'-X crossover. The figure clearly
shows that the rise time drastically decreases when pres-
sure increases and approaches P,. We approximated the
temporal change of the exciton luminescence at the curve
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[1—exp(—t/7,)]exp(—t /7, )®sech?’[t(in ps)/42] by tak-
ing account of the time resolution of the present experi-
mental system, where ® denotes the convolution and 7,4
is rise (decay) time constant. The deconvolution pro-
cedure was necessary, if the rise time is smaller than 100
ps. In Fig. 7, the rise time 7, of the exciton luminescence
is plotted as a function of AE. Figure 7 indicates that the
sudden decrease in the rise time constant takes place
when —AE decreases and becomes less than 20 meV.
Around the I'-X crossover, the rise time is reduced to be
less than a few tens of picoseconds.

To explain the time-resolved experiments, we present a
model shown schematically in Fig. 8. All of the laser
sources used in our experiments excite I' electrons in the
GaAs wells selectively because the direct gap of AlAs
barriers is 3.125 eV at 77 K which is larger than the pho-
ton energy of the laser sources. Some excited I electrons
in GaAs wells will be scattered to the X valley in GaAs
wells. Some of them will be scattered to the I' valley in
GaAs wells again or to the X valleys in AlAs barriers via
the interlayer transfer. Then, the X electrons in AlAs
barriers will be energetically relaxed to the bottom of the
X valley in AlAs. If the X valley in AlAs is higher than
the lowest I’ quantum states in GaAs, the X electrons in
AlAs will be scattered to the I' quantum states in GaAs.
The interlayer process will contribute to slowing the rise
of the lowest exciton luminescence. Conversely, if the X
valley in AlAs is lower than the lowest I' quantum states
in GaAs, the interlayer transfer from the X state in AlAs
to the T state in GaAs does not work, so that the rise of
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FIG. 6. Normalized temporal profiles of the lowest-energy I'-point exciton luminescence in five quantum wells around the inter-
layer I'-X crossing in the picosecond time domain. Numbers in the figure represent the hydrostatic pressure in kbar. Note that the
rise of the luminescence drastically decreases around the I'-X crossover. In the figure P, denotes the critical pressure bringing about

the I'-X crossover estimated from Fig. 2.
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FIG. 7. Rise time of the exciton luminescence as a function
of the energy separation AE between the lowest I" subband en-
ergy and the X energy in AlAs. Data for the 2.9-, 4.2-, 5.8-, 9.3-,
and 15-nm wells are plotted by solid circles, open circles, solid
squares, open squares, and solid triangles, respectively.

the lowest exciton luminescence is determined only by
the intrawell relaxation processes.

The interlayer processes described in Fig. 8 are expect-
ed to affect also the decay of the lowest exciton lumines-
cence, because the X states in AlAs barriers have longer
lifetimes than the I' states in the GaAs wells. The X
states in AlAs work as a reservoir. The radiative recom-
bination between the X electrons in AlAs and the I" holes
in GaAs is strongly reduced because of the small overlap
of the wave functions in the real space as well as the k
space. The slow decay component observed in Figs. 3
and 4 is probably due to the retransfer from the X states
in AlAs to the I states in GaAs, as is described in Fig. 8.

(a) (b)
P<P, P>P,

FIG. 8. Schematic figure showing mechanisms of the inter-
layer I'-X transfer and the energy relaxation in the well and the
barrier. The I' state and the X state are represented by solid
and dashed lines, respectively. The hatched region represents
the photoexcited I' state in the well. (a) denotes the case that
the lowest I quantum state in GaAs is lower than the X state in
AlAs corresponding to the condition P <P,.. (b) denotes the
case that the lowest-I" quantum state in GaAs is higher than the
X state corresponding to the condition P > P,.
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The slow decay arises when the X states in AlAs are
higher than the I states in GaAs by 0-300 meV. How-
ever, we cannot explain the observed systematic correla-
tion between AE,, and the well thickness. Leroux et al.
proposed a model which explains the lifetime of the T
electrons around the I'-X crossover in the bulk GaAs.?!
In the model, T" electrons are in thermal equilibrium with
X electrons. However, their expression cannot explain
our data systematically. Especially, the model cannot ex-
plain the observed fact that AE,, is not always zero. We
examined several other ideas to account for the data, for
example, valence-band mixing due to hydrostatic strain,?
and the reduction of the coherent length of excitons due
to the pressure dependence of mass or uniaxial
strain'®?>2* coming from the different compressibilities
of GaAs and AlAs. However, estimated effects are too
small to explain the data.

Steiner et al. studied the I'-X mixing effects by using
the time-resolved luminescence with a resolution of 20
ns.!* They observed the common slow decay in both the
-’ and TI'-X luminescence, when the X states in
Alj ,4Gag 7¢As are lower than the I' quantum states in
GaAs. They clarified that the link between the I' states
in GaAs and the X states in Al,,,Gag ;6As is observed,
even if the X states are lower than the I' quantum states
by 40 meV. They proposed the Auger decay of the X
states and the interlayer transfer of hot electrons. Similar
processes may work in our sample. However, their obser-
vation dealt with a different situation than ours because
their barrier layers were photoexcited, the X state was
lower than the I' state, and their time resolution was
longer than 20 ns.

IV. CONCLUSIONS

Time-integrated and time-resolved luminescences of
GaAs-AlAs single quantum wells under hydrostatic pres-
sure were measured at 77 K. All of the luminescence
from GaAs single quantum wells 2.9, 4.2, 5.8, 9.3, and 15
nm thick shifted to higher energy with the application of
the hydrostatic pressure and quenched when the lumines-
cence approached 1.83 eV. The quenching is ascribed to
the interlayer I'-X crossing, where the lowest I' quantum
state in GaAs crosses the X state in AlAs. With the ap-
plication of hydrostatic pressure, the rise and decay times
of the lowest I" exciton were modified in the picosecond
and nanosecond time domains. The slow decay com-
ponent, ranging from several nanoseconds to a few tens
of nanoseconds, was observed when the X state in AlAs is
higher than the lowest I' quantum state in GaAs by
0-300 meV. The rise of the I' exciton luminescence was
drastically reduced around the interlayer I'-X crossing.
The results were explained by taking account of the inter-
layer transfer between the I' states in GaAs and the X
states in AlAs.
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