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The temperature and pressure dependence of type-I and -II transitions from photoluminescence~PL! spectra
in a series of (GaAs)m /(AlAs) m superlattices show that the temperature dependence of energy bands can be
described very well with a Bose-Einstein-type equation. From these measurements the parameters that describe
the temperature dependence of excitonic transition energies and the corresponding broadening of the PL line
are deduced. The pressure dependence of the PL linewidths of the type-I exciton as a function of pressure and
temperature yield the intervalley deformation potential. Beyond the type-I–type-II crossover, the PL linewidth
increases as a function of both pressure and temperature. The electron-phonon deformation potential forG-X
scattering is found to be temperature dependent.@S0163-1829~98!01935-3#
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I. INTRODUCTION

Carrier dynamics and recombination mechanisms
semiconductor superlattices, in particular those with a s
gered band alignment, have been the subject of m
investigations.1 High-quality superlattices comprising alte
nating layers of GaAs and AlAs fabricated by epitaxial tec
niques with monolayer precision are of much interest, tha
to the possibility of designing many physical situations th
develop as a result of dimensional changes. Combined
external perturbations such as temperature and pressure
can tune the electronic states with respect to one ano
thus revealing the nature and extent of various interactio2

In Fig. 1, we display the nature of the band alignme
associated with theG valence-band maxima and conductio
band minima atG as well asX. When alternating slabs o
GaAs and AlAs are grown epitaxially on a@typically ~001!-
oriented# GaAs substrate, the band alignment at the int
faces leads to potential wells for the electrons and holes
shown in Fig. 1, the conduction band minima associated w
the G point in GaAs and AlAs form potential wells for elec
trons in GaAs slabs. Similarly, the potential wells in t
valence band for holes~only heavy-hole bands are show!
reside in GaAs slabs. The ratio of the depths of these po
tial wells, known as the band-offset ratioDEc :DEv , is an
important quantity which has been investigated very ext
sively via theory and experiment. The potential wells f
electrons formed at theX-point conduction minima, how-
ever, reside in AlAs slabs. This staggered or type-II alig
ment has the feature that recombination of charge carr
across the heterointerface provides another channel, ofte
competition with the usual type-I transition across the
lence and conduction subbands in GaAs. The energies o
type-I and -II transitions depend on the material parame
of bulk GaAs and AlAs, and the confinement energies
PRB 580163-1829/98/58~11!/7222~8!/$15.00
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electron and hole superlattice subbands. The latter are
erned by the carrier masses, band offset, and the slab th
ness of GaAs and AlAs. A calculation3 taking into account
the accepted values of these parameters4 is shown in Fig. 2,
where the difference in energy between type-I and -II tra
sitions,DE, is plotted for various slab thicknesses~in units
of monolayers! of GaAs and AlAs. In the figure, each of th
ten curves is for a given (GaAs)m as a function of (AlAs)n
wherem andn are the number of monolayers of GaAs a
AlAs, respectively. Note the curves cross theDE50 line,
above which type-II electronic transitions dominate, where
type-I transitions are dominant below theDE50 line. The
type-I to type-II crossover occurs for asymmetric combin
tions of m and n, for example~2,1!, ~4,2!, ~6,3!, ~9,5!, and
~10,7!. For symmetric combinations, the crossover occurs
m5n512.

Studies under hydrostatic stress have proven to be inv
able in the context of the optical properties of semicond
tors and their heterostructures.5–8 For a given superlattice
structure, the difference in energy between the type-I and
transitions, DE, can be tuned with external hydrostat
pressure in a continuous and reversible manner, thus
abling an elucidation of the properties of various interba
transitions.9,10 Another motivation for pressure studies is
gain insight into intervalley scattering rates11,12 which play
an important role in relaxation of photoexcited carriers a
high-field transport.

The electronic states of semiconductors and heterost
tures display large shifts and lifetime-induced broadenings
a function of temperature.2,13 In this paper we have investi
gated photoluminescence~PL! as a function of temperatur
and pressure of (GaAs)m /(AlAs) n superlattices withn5m
54, 5, 10, and 20. Section II describes our experimen
setup. In Sec. III, we show that the temperature depende
7222 © 1998 The American Physical Society
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of the interband excitonic transition energies can be fit
very well with a Bose-Einstein-type equation which was p
posed in Ref. 14 to explain the temperature dependenc
energy bands in Ge. In Sec. IV, we focus on the press
dependence of type-I and -II transitions. In Sec. V, the
sults on the PL linewidths as a function of pressure are p
sented. We calculate the intervalley electron-phonon de
mation potential from our experimental results, and sh
that the deformation potential changes with temperature.

II. EXPERIMENT

(GaAs)m /(AlAs) m superlattices withm54, 5, 10, and 20
were grown on a~001! GaAs substrate by molecular-bea
epitaxy, growth temperatures being 600 °C. The~10,10! and
~20,20! superlattices were studied under hydrostatic press
employing a diamond-anvil cell~DAC!; for these measure
ments, the substrates were thinned to total thickness of;50
mm. Argon was used as a pressure transmitting fluid in
DAC. Pressure~P! was measured using the luminescence
a ruby chip located in the pressure chamber. The PL sig
ture from the GaAs substrate also serves as a good cal
tion for pressure since the direct band gap of GaAs move
the rate of 10.7 meV/kbar.11 The PL spectra were excite
using the 514.5-nm (m55,10,20) and 457.9-nm (m54)
lines of an Ar1 laser. The emitted radiation was analyz
with a SPEX 0.85-m double monochromator equipped wit
cooled GaAs photomultiplier tube and standard phot
counting electronics. For the low temperature work w
DAC a closed-cycle helium refrigerator was employed. T
temperature dependence of PL at ambient pressure and i
temperature range 5–300 K was investigated with a varia
temperature cryostat.

FIG. 1. Schematic band alignment of theG, X, and heavy-hole
valence-band extrema of a (GaAs)m /(AlAs) n superlattice. TheG
and X bands cross at a pressurePC which depends on the wel
width. For P.PC , the energy of the electrons in theX well of
AlAs is lower than that in theG well of GaAs, and the type-II
transition becomes observable.
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III. TEMPERATURE DEPENDENCE OF TRANSITION
ENERGIES

As in bulk semiconductors, the electronic energies in h
erostructures display a temperature dependence at con
pressure subject to two mechanisms:~1! thermal expansion
and~2! renormalization of band energies by electron-phon
interactions. The effect of thermal expansion accounts fo
fraction ~;1

4! of the total shift, the remaining temperatu
dependence of band-gap energies arises from elect
phonon interactions.15 The electron-phonon interactions i
turn are of two types: the first-order interaction considered
second-order perturbation~self-energy terms! ~Ref. 16! and
quadratic interaction taken in the first order~Debye-Waller
term!.17 The temperature-induced change in the band-gap
ergy Eg is usually described by Varshni’s empirica
expression18

Eg~T!5Eg~0!2
aT2

T1b
, ~1!

where Eg(0) is the band-gap energy at 0 K,a and b are
constants for a given semiconductor, the latter being prop
tional to the Debye temperature. The temperature dep
dence of the interband transition can be alternately descr
with an expression in which the energy thresholds decre
proportional to the Bose-Einstein statistical factors for ph
non emission plus absorption:14

Eg~T!5a2bS 11
2

eQB /T21D . ~2!

Here (a2b) is the band gap energy at 0 K, andb represents
the strength of the exciton-average phonon interaction. It

FIG. 2. Difference in energy between type-I and -II transition
DE, for various slab thickness~in units of monolayers! of GaAs
and AlAs. Above theDE50 line, the electronic transitions ar
dominated by lower-lying type-II transitions, whereas type-I tran
tions are dominant below theDE50 line.
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7224 PRB 58S. GUHA et al.
been shown from calculations of electron-phonon spec
functions in Si and Ge that energy shifts due to the electr
phonon interaction include contributions from both acous
and optical phonons.19 ThusQB in Eq. ~2! should be viewed
as the average frequency of both acoustic and opt
branches. The temperature dependence of the linewidt
the interband transitions of semiconductors can be expre
as

G~T!5G~0!1
Gep

@exp~QLO /T!21#
. ~3!

G~0! represents the broadening due to temperatu
independent mechanisms~such as impurity, dislocation, an
surface scattering! andGep, the strength of the exciton–LO
phonon coupling. HereQLO is the average frequency of th
longitudinal optical phonons. From Ref. 19 it is noted th
the optical phonons are the main contributors to the bro
ening of critical points. This leads to a higher average p
non frequencyQLO from the fit of the broadening paramete
to Eq. ~3! than for the electron-phonon contribution of th
energy shifts with temperature.

Figures 3 and 4 show the energy of the type-I and
transitions as a function of temperature f
(GaAs)m /(AlAs) m , wherem54, 5, 10, and 20; the square
are the experimental results. The dashed line is a fit to Va
ni’s empirical model, the values ofa andb used here being
the same as for bulk GaAs, viz. 5.431024 eV/K and 204 K,
respectively, while the solid line is a fit to Eq.~2!. The fol-
lowing should be noted:m54 and 5 superlattices are type I

FIG. 3. Temperature dependence ofEII and EI in
~GaAs!10/~AlAs!10 superlattices. Experimental data points a
shown with solid squares. The dashed curves are fits to Varsh
empirical model@Eq. ~1!#, whereas the full curves are fits to
Bose-Einstein-type equation@Eq. ~2!#.

FIG. 4. Temperature dependence ofEII and EI in
(GaAs)m /(AlAs) m superlattices~solid squares!. The dashed curves
are fits to Varshni’s empirical model, and the full curves are fits
a Bose-Einstein-type equation@Eq. ~2!#, respectively.
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the m520 superlattice is type I, and the corresponding tra
sition is dominant up to 300 K. Form510, the type-I and -II
transitions lie very close. For this sample, the type-II tran
tion is dominant in the low-temperature PL; at higher te
peratures, the quantum-confinedG level is increasingly
populated, resulting in the corresponding increase in the
tensity of the type-I transition. The PL spectrum of th
~10,10! superlattice at 70, 105, and 120 K shows the appe
ance of a high-energy peakEI at the highest temperatur
~Fig. 5!. With increasing temperature the intensity of th
low-energy peak (EII) decreases, and finally onlyEI is ob-
served above 180 K.

In the ~4,4! and ~5,5! superlattices, an initial increase i
energy of EII is observed up to 80 K. Nakayamaet al.20

reported a similar initial increase in the energyEII with a rise
in temperature for short-period GaAs/AlAs superlattice
This behavior can be ascribed to the trapping of excitons
localized states resulting from the local fluctuation of t
well width along the interface between the wells and t
barriers. In this case PL monitors the recombination of ex
tons occupying a range of energies reflecting the temp
ture; at low temperatures the lower energies are favored,
exhibiting an anomalous temperature dependence of the
energy. Such an anomaly should be particularly visible i
narrow-well superlattice with its larger number of interface
At higher temperatures the PL energy shows the usual
shift with increasing temperatures. Anomalies in the te
perature dependence of the PL energy have been observ
GaxIn12xP ~Refs. 21 and 22! and AlxIn12xP/GaxIn12xP/
Al xIn12xP quantum wells23 at low temperatures.

The experimental results in the present investigation
represented better by Eq.~2! rather than by Eq.~1!; for the
~5,5! superlattice there is almost a 30-meV difference b
tween experiment and the fit from Varshni’s model. T
~5,5! sample shows the largest deviation from Varshni’s e
pirical model. This may be due to monolayer fluctuation
Fujimoto et al. showed from energy-band calculations tha
monolayer fluctuation of GaAs can result in about 50–8
meV shifts in the energy gaps.24 The~5,5! sample also shows

i’s

FIG. 5. PL spectrum of a~10,10! superlattice at three differen
temperatures~1 bar!. At temperatures above 100 K, the quantum
confinedG level is increasingly populated and the type-I transiti
is dominant.
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the largest broadening of the PL peak, which implies that
energy levels are broadened compared to the other sam
The PL energy as a function of temperature shows an a
age energy of the broadened band due to which this sam
shows a large deviation from Varshni’s model. The para
eters deduced from fits to Eqs.~2! and~3! are listed in Tables
I and II. The temperature dependence of type-I transition
~GaAs!15/~AlAs!9 was studied in Ref. 25, where the autho
found a good agreement with Varshni’s empirical mod
This is expected for the type-I transitions, as can be s
from our result for~10,10! and~20,20!; the fits based on both
equations coincide above 50 K for~20,20! and 150 K for
~10,10!. Similarly, it is not surprising that the temperatu
dependence of the PL in a type-I superlattice consisting
GaAs-Ga12xAl xAs superlattice13 fits Varshni’s empirical
model.

The b andQB value ~Table I! for the direct transition of
the ~20,20! superlattice are similar to those of the direct tra
sition in bulk GaAs.26 The average phonon frequencyQB
increases with a decrease in the number of monolayers.
broadening of the PL lines for all the samples are shown
Fig. 6. The result for~4,4!, ~5,5!, and ~20,20! samples have
been fitted with Eq.~3!. For the~20,20! superlatticeQLO is
larger thanQB , consistent with the theoretical model;QB is
an average of the acoustical and optical phonons, and h
smaller thanQLO . This trend is observed in bulk GaAs~Ref.
26! and GaN.27 For the ~4,4! and ~5,5! superlattices,QLO
being smaller thanQB may be an artifact. The fitting param
eters are very sensitive in the low temperature region. For
~4,4! and~5,5! superlattices, at low temperatures, the type
energies are altered due to the trapping of excitons in lo
ized states while at high temperatures the carriers occ
higher-energy states; the large errors inQLO are due to the
absence of accurate data at low temperatures. We also

TABLE I. Values of the parameters obtained by fitting the i
terband transition energy vs temperature to Eq.~2!.

Sample a ~eV! b ~eV! uB ~K!

~4,4! EII 2.11660.025 0.10160.026 408644
~5,5! EII 2.03860.030 0.07860.031 484667
~10,10! EII 1.89760.025 0.11560.025 422637
~10,10! EI 1.70360.064 0.15260.031 512629
~20,20! EI 1.70360.064 0.06360.004 272612
Bulk GaAsEIa 1.571 0.057 240

aFrom Ref. 26.
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serve from the broadening parameters~Table II! that Gep
increases with an increase in monolayer thickness. Thi
indicative of the change in the strength of electron-phon
interaction with change in monolayer thickness of the sup
lattices.

The ~10,10! sample is different from the other sample
since in addition to the temperature shift and broadening
interband transition energy due to electron-phonon inter
tion, there is mixing between theG andX conduction bands.
The broadening of the type-I and -II peaks in the~10,10!
have been fitted with a linear equation of the formG(T)
5GL1lT because of the large scatter of the data~Fig. 6!.
This anomalous behavior of the broadening may be due
G-X mixing since the type-I and -II transitions lie very clos

IV. TYPE-I AND -II TRANSITIONS UNDER PRESSURE

In Fig. 7 we show typical PL spectra o
~GaAs!20/~AlAs!20 measured at 16 K under hydrostatic pre

FIG. 6. Broadening of the type-I and -II transitions as a functi
of temperature. The solid line is a fit to Eq.~3!. The broadening of
the transitions in the~10,10! sample has been fit with a linear equ
tion of the formG(T)5GL1lT.
r

TABLE II. Values of the parameters obtained by fitting the PL linewidth~half-width at half maximum! vs

temperature to Eq.~3!. Owing to the large scatter of data, the~10,10! superlattice has been fit with a linea
equation of the formG(T)5GL1lT.

Sample
G~0!

(1023 eV)
Gep

(1023 eV)
uLO

~K!
GL

(1023 eV)
l

(1024 eV/K)

~4,4! EII 9.660.9 31623 2476106
~5,5! EII 12.760.5 54633 3616 95
~20,20! EI 7.560.3 108630 6476 72
~10,10! EII 660.2 0.4160.03
~10,10! EI 1861.2 0.4560.06
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7226 PRB 58S. GUHA et al.
sure. The superlattice is type I at atmospheric pressure
transforms into type II at 5 kbar as signaled by the em
gence of the type-II peak. Above this pressure the supe
tice is pseudodirect and the intensity of the type-I transit
decreases. With an increase in pressure the high-energy
~type-I! shifts rapidly to higher energies and the low-ener
peak~type-II! moves to lower energies. Type-II emission
not observed below the crossover pressure in the PL spe
The pressure shifts of the two transitions for the~20,20! su-
perlattice are shown in Fig. 8. The type-I and -II transitio
exhibit a linear pressure coefficient of 10.1 and22.5 meV/
kbar, respectively, the type-I–type-II crossover occurring
;5 kbar. The type-I and -II bands do not exhibit an an
crossing behavior due to the smallness ofG-X mixing ~;5
meV!, as expected for such a wide superlattice. For narro
superlattice, however, the effect is observable.28

Similar measurements on the~10,10! superlattice dis-
played in Fig. 8 show that at atmospheric pressure, it i

FIG. 7. PL spectra of a~20,20! superlattice at three differen
pressures~16 K!. The emergence of the type-II transition can
observed at the crossover pressure~;5 kbar!.

FIG. 8. Pressure dependence of the type-I and -II transition
~GaAs!10/~AlAs!10 ~squares! and ~GaAs!20/~AlAs!20 ~triangles! su-
perlattices.
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type II, theG-X crossover having already occurred and t
energy of the pseudodirect transition, thus being lower
energy than that of the direct transition. AtP50, both types
I and II are observed in the PL. Type-I emission shows
blueshift of 10.4 meV/kbar, whereas the type-II emission
redshifted by22.1 meV/kbar. The~10,10! superlattice has
higher energies for both type-I and type-II levels compa
to the ~20,20! superlattice as a result of the increased co
finement with decrease in the superlattice period. The c
finement effects of the type-I transition are more pronoun
than for the type-II level owing to the smaller effective ma
of the conduction-band minimum.

The pressure coefficients of the energy levels in
~10,10! and ~20,20! superlattices are consistent with the r
sults of Holtzet al.9 Pressure coefficients of type-I and -
recombinations are listed in Table III;dEI/dP in GaAs/AlAs
superlattices is similar to that in bulk GaAs~10.7 meV/kbar!.
The type-II emission has a pressure coefficient slightly d
ferent from that ofX-G indirect transition in GaAs~21.3
meV/kbar!.10 Holtz et al.showed that, with decreasing thick
ness of the AlAs layer, the pressure coefficient of the type
transition approaches that of the bulk GaAs value, where
with increasing AlAs layer thickness,dEII /dP finally rises,
reaching a constant value of22.0 meV/kbar. They ascribe
this behavior to the delocalization of the hole wave functi
with decreasing AlAs thickness; as a consequence, the
lence band of the superlattice thus loses its square-well c
acter, i.e., it has a single constant energy level along
growth direction. In the small barrier limit, the top of th
superlattice valence band acquires the same character
bulk tetrahedral semiconductors. Our results for the~10,10!
and ~20,20! samples are consistent with their analys
dEII /dP for the ~20,20! sample is slightly higher than tha
for the ~10,10! sample, and is close to the constant value
22.0 meV/kbar.

V. INTERVALLEY DEFORMATION POTENTIAL

The type-I excitonic line in the PL spectrum of a GaA
AlAs superlattice is broadened by the hybridization of theG
exciton with theX and theL continua via electron-phonon
coupling. Under external pressure, theG conduction mini-

in

TABLE III. Energy positions and the pressure coefficients of t
type-I and -II transitions for symmetric short-period GaAs/AlA
superlattices. The second and fourth columns show the energy
sitions of the type-I and -II transitions, respectively. The third a
fifth columns denote the pressure coefficients for the type-I and
transitions, respectively.

Monolayers
~m,n!

EI

~eV!
dEI/dP

~meV/kbar!
EII

~eV!
dEII /dP

~meV/kbar!

~6,6!a 2.051 9.55 1.935 21.70
~10,10! 1.838 10.4 1.783 22.01
~12,12!a 1.807 10.1 1.761 22.10
~15,15!a 1.674 10.5 1.701 22.04
~20,20! 1.635 10.1 1.693 22.50
Bulk GaAs ~5 K!b 1.517 10.7 2.00 21.34

aFrom Ref. 9
bFrom Ref. 2
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PRB 58 7227PHOTOLUMINESCENCE OF SHORT-PERIOD GaAs/AlAs . . .
mum moves up in energy and crosses the bottom of thL
and X conduction bands of the AlAs layer. The couplin
between theG exciton and theX andL continua via interval-
ley scattering of the electron broadens theG exciton level
observed in PL. The position of the exciton relative to t
continuum can be tuned with pressure. Below the crosso
pressure, there are no states in theX andL valleys into which
the G electron can be scattered. Since the resonance br
ening can be controlled by varying pressure, the hydrost
pressure experiments are useful in determining the inter
ley scattering rates or the intervalley deformation poten
between theG valley and theX and L valleys. Intervalley
deformation potentials, which are a measure of the stren
of the electron-phonon coupling, have been experiment
obtained for bulk GaAs~Ref. 29! and GaAs/AlxGa12xAs
quantum wells11 from the broadening of theG exciton under
hydrostatic pressure. The intervalley deformation poten
for GaAs/AlAs superlattices can be obtained from hyd
static pressure experiments as a function of pressure, the
periments being performed at a series of fixed temperatu

It is usually the zone-boundary phonons which cause
tervalley scattering, the associated electron-phonon inte
tions being short range since zone-edge phonons cannot
erate long-range electric fields. The matrix element for
scattering of a carrieruk& by absorption or emission of
phononuq& in the absence of any external field is given
^k6quHuk&, whereH is the electron-phonon Hamiltonian
Since H has the symmetry of the phonon involved in t
interaction, the transition is forbidden unless the represe
tions belonging to the stateuk6q& are contained in the prod
uct of the representation belonging touq& and uk&. In zinc-
blende semiconductors, it can be shown30,31 that longitudinal
acoustic and optical phonons leading toG-X scattering con-
tribute to the interaction, whereas transverse phonons do
participate in such an intervalley scattering. However, it h
been demonstrated that the electron-phonon matrix elem
show a strong dependence on the wave vector~k! of the
intervalley phonon, thek dependence allowing the transver
acoustic TA phonons to contribute to intervalley scattering~a
process not allowed at high-symmetry points!.12 It is the con-
tribution from these TA phonons which causes an appa
temperature dependence of the intervalley deforma
potential.12

The PL linewidth D contains information about th
strength of the electron-phonon coupling, and is given by

D5puMGXu2rX~«!1puMGLu2rL~«!. ~4!

Here uMGXu is the electron-phonon matrix element for sc
tering betweenG andX, anduMGLu is that betweenG andL.
A detailed derivation of the above is given in Ref. 11.rX(«)
andrL(«) in Eq. ~4! are the density of states given by

rX~«!5NX

mX
3/2A«2«X

&p2\3
, ~5!

with a similar expression forrL(«). «X («L) is the energy of
the bottom of theX ~L! conduction band, andNX (NL) is the
number ofX ~L! valleys;NX53 andNL54. The deformation
potentialDGX is related to the electron-phonon matrix el
ment by
er
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uMGXu5A\/~2VrVx!DGX . ~6!

HereV is the volume of the crystal,r is the crystalline den-
sity, andVx is the phonon frequency. From Eqs.~4!, ~5!, and
~6!, the PL linewidth can be written as

D5
A«2«X

2&rp\
f ~T!S DGX

2 NXmX
3/2

\VX 1
DGL

2 NLmL
3/2

&\VL D . ~7!

HereD is defined as the difference between the actual li
width and the average linewidth below the crossover pr
sure PC ; f (T)51/@12exp(2\V/KBT)#. We assumemX
50.41me and mL50.22me , the crystalline densityr
55.34 g/cm3 and the phonon energies as\VX'\VL

'30 meV, values typical for GaAs. The difference betwe
the energy of theG valley and the bottom of theX ~L! con-
duction band varies linearly with pressure;«2«X5aGX(P
2Pc) and«2«L5aGL(P2Pc) whereaGX is twice as large
as aGL .11,32 This implies thatA«2«L5(1/&)A«2«X and
hence the factor of 1/& in the second term in Eq.~7!. Pc is
defined as the pressure at which the type-I and -II transiti
have the same energy («G5«X); for ~GaAs!20/~AlAs!20, Pc
;5 kbar.

Figure 9 shows the broadeningD for ~GaAs!20/~AlAs!20
as a function«G2«X at three different temperatures. The P
line shapes were fitted with Gaussians. The linewidths t
deduced increase as;(«2«X)1/2. The energy separation

FIG. 9. Broadening of the type-I transition vs energy separat
betweenEII and EI for the ~20,20! sample, at three different tem
peratures. Above crossover the linewidth is fit with a square-r
function D/A«G2«X.
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«G2«X50.15 eV corresponds to a pressure;12 kbar. For
all three temperatures, the linewidth remains almost cons
below crossover pressure but changes beyondPc . We fit the
linewidth above crossover by a square-root function wh
changes as a function of temperature. From such fits we
tain D/A«2«X, and deduceDGX from Eq. ~7!. Experimen-
tally, we cannot measureDGX andDGL separately; from the
experimentally known value ofDGL56.561.5 eV/Å,33 as-
suming thatDGL remains constant with temperature, we o
tain DGX55.2 eV/Å ~16 K!, DGX57.3 eV/Å ~75 K!, and
DGX58.2 eV/Å ~100 K!. From an optical-absorption stud
of the exciton line broadening under pressure in GaAs, G˜i
et al.29 showedDGX to be temperature independent with
average value of 4.8 eV/Å. Satpathyet al.11 obtained the
deformation potential for GaAs as 10.7 eV/Å at 80 K fro
pressure-induced photoluminescence line broadening
GaAs/AlxGa12xAs quantum wells. We note that our value
are somewhat different from those obtained in Ref. 11, si
our study involved GaAs/AlAs superlattices whereas pre
ous works were based on GaAs or GaAs/AlxGa12xAs quan-
tum wells.

The temperature dependence of the deformation pote
is consistent with the theory of Ref. 12, where theeffective
deformation potential with the inclusion of TA phonons w
shown to be temperature dependent; that study demonst
that theeffectivedeformation potentialsDGL and DGX for
GaAs increase up to 200 K and almost remain a cons
above it. Their calculation yieldedDGX;8 eV/Å at 100 K,
very close to our value.

The PL line shape exhibits an asymmetry which ha
temperature dependence. Asymmetry in the PL line shap
clearly observed in~GaAs!10/~AlAs!10, a type-II superlattice
at atmospheric pressure; the PL spectrum recorded at 12
as a function of temperature clearly exhibits~see the insets in
Fig. 10! the increasing asymmetry. The inset of Fig.
shows the PL spectrum for different temperatures at 12 k
We have fitted the spectra using the Fano line-shape ana
according to;C(q1e)2/(11e2), whereq is the asymmetry
parameter, ande5E2E0 /G; E0 is the central peak energ
and G is the linewidth. The Fano line shape is due to t
broadening associated with the resonance interaction
localized level with the continuum; it is more pronounced
the ~10,10! superlattice as compared to that in the~20,20!
superlattice. We find from Fig. 10 thatq decreases with an
increase in temperature. The asymmetry parameterq is di-
rectly proportional to the average electron-phonon matrix
ement@Eq. ~12c! of Ref. 11#. This temperature dependenc
of q is another indication that the electron-phonon mat
element is temperature dependent, in turn leading to the t
perature dependence of the intervalley deformation poten
k
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VI. CONCLUDING REMARKS

The present photoluminescence spectra of a series
(GaAs)m /(AlAs) m short-period superlattices, investigated
a function of temperature at ambient pressure as well as
drostatic pressure accessible in a diamond anvil cell, h
provided insights into~1! type-I–type-II crossover,~2! G-X
intervalley deformation potentials, and~3! broadening
mechanisms for excitonic transitions. Experiments carr
out as a function of temperature at a series of fixed hyd
static pressures provide an opportunity to discover the t
perature dependence of intervalley deformation poten
The temperature dependence of the type-I and -II transiti
is described more closely by the model in which one cons
ers Bose-Einstein statistical factors for phonon emission
absorption rather than the empirical Varshni formula.
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FIG. 10. Asymmetry parameter of the type-I transition as
function of temperature for the~10,10! superlattice at 12 kbar. The
PL line shape has been fit with a Fano line shape of the fo
C(q1e)2/(11e2). The insets show the PL spectra at various te
peratures.
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