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Observation of direct and phonon-assisted indirect transitions
in GaAs/GaxAl12xAs multiquantum wells under hydrostatic pressure
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Using photomodulated transmission spectroscopy we investigated the interband transitions in
GaAs/Ga12xAl xAs multiquantum wells as a function of hydrostatic pressure up to 50 kilobar. A number of
spectral structures, associated with theG, L, andX critical points in GaAs wells and Ga12xAl xAs barriers were
observed, and calculations were performed to help understanding their origins. The pressure coefficients of the
direct transitions in the quantum wells fall between those of GaAs and Ga12xAl xAs bulk. The observation of
phonon-assisted indirect transitions is made easy by photomodulated transmission technique, and by the band
folding effect in the multiple-quantum-well systems. The indirect transitions derived from theL conduction
subbands andG valence subbands have been observed in wide pressure ranges.@S0163-1829~98!01503-3#
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I. INTRODUCTION

GaAs/Ga12xAl xAs multiple quantum well’s ~MQWs!
have been intensively studied due to their potential imp
tance for photonic devices. Various optical techniques, s
as Raman scattering,1 photoluminescence~PL!,2 modulation
spectroscopy,3–6 etc., were used to investigate the syste
under atmospheric pressures. There are also some repo
PL, photoreflectance~PR!, and photomodulated transmissio
spectroscopy~a photomodulated technique in transmissi
geometry! studies on the system under high pressure.7–11

Having the advantage of high sensitivity and resolutio
modulation spectroscopy has been widely used in study
the interband transitions associated with both the ground
excited states with high accuracy because of the deriva
feature of the spectra.12

Photoreflectance studies on GaAs/Ga12xAl xAs MQW’s
under hydrostatic pressure was previously reported in Re
and 10. In their systems, large well widths of 40 and 26
were adopted so that a number of transitions, associated
the subbands with quantum indexes up to 8 or 9, were
served. Weak indirect transitions derived fromL- and
X-band minima were thus overwhelmed by rich direct on
at theG critical point that dominated the PR spectra. In tho
experiments, very few data points related toL andX valleys
were resolved.

Photomodulated transmission~PT! spectroscopy was pre
viously performed on InxGa12xAs/GaAs MQW samples un
der different hydrostatic pressure.13 For weak indirect transi-
tions involving a phonon, modulated transmissi
spectroscopy has better sensitivity than modulated refl
tance sensitivity.11,14,15 Besides, the band-folding effect i
superlattices~SL’s! and MQW’s is also helpful for the en
hancement of the weak indirect transitions by making
570163-1829/98/57~11!/6566~7!/$15.00
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indirect transition approximately ‘‘direct.’’ In this paper, w
report an investigation of interband transitions
GaAs/Ga12xAl2As MQW’s under hydrostatic pressure ran
ing from 0 to 50 kilobar using PT spectroscopy. A number
spectral structures related toG, L, and X valleys are ob-
served.

II. THEORETICAL BACKGROUND

An indirect transition must be phonon or impurity a
sisted. A phonon or an impurity taking part in the transiti
supplies a proper momentum to ensure the momentum
servation. As a second-order process, indirect transitions
usually much weaker than direct ones. Based on a sec
order perturbation calculation in which the lattice vibratio
and the radiation field are acting on the electron and h
system, a formula of the indirect transition probability can
given, quantum mechanically, by16

W~k!5E
f

1

\
uS121S111S221S21u2d~Ef2Ei !dSf ,

~1!

where

S165
^bk6quHv

6uak6q&^ak6quHep
6uak&

Eg
k1q2\v

, ~2!

S265
^bk6quHep

6ubk&^bkuHv
6uak&

Eg
k2\v

. ~3!

Here Hv
6 is the Hamiltonian for electron-photon interactio

corresponding to absorbing~1! or emitting ~2! a phonon,
Hep

6 represents the electron-phonon interaction for phon
absorption~1! or emission~2!. Eg

k (Eg
k1q) is the direct band
6566 © 1998 The American Physical Society



s
In

d

he
as
es
ct
e
t

e

re
fi-

-
the
re-

e

he
tros-
ect
the

lar-
r

er-
ds
m

r
re-
and

d a
he
b-
ess

50
ure

by
as

in
as

ple
the

nts,
he
sed
e-

the
ent.

an

o
n

57 6567OBSERVATION OF DIRECT AND PHONON-ASSISTED . . .
gap at k ~k1q!. In bulk semiconductors, usuallyEg
k5Eg

G

~k50! andEg
k1q5Eg

L or Eg
X , i.e., the phonon momentum i

at the boundary of the Brillouin zone, as shown in Fig. 1.
GaAs Eg

G equals 1.42 eV, whereasEg
L;3 eV. Eg

k2\v is
thus much smaller thanEg

k1q2\v, so thatS16 can be ig-
nored. In SL’s and MQW’s, however, due to the ban
folding effect,17 the momentumq of a phonon taking part in
a given indirect transition is much smaller than that in t
bulk ~depending on the period of the SL’s and MQW’s,
shown in Fig. 1!, making the denominators on the right sid
of Eqs. ~2! and ~3! comparable in magnitude. The indire
transitions can thus be enhanced through decreasing th
nominator in Eq.~2!. Furthermore, the band-folding effec
also enhances the matrix elements^ak6quHep

6uak& and
^bk6quHep

6ubk& in Eqs.~2! and~3!. Although uak&(ubk&) is
a slow-varying function ofk and q, q is a large number in
bulk so that the overlap betweenuak& anduak6q& ~ubk& and
ubk6q&! is very small. In SL’s, however, the requiredq8 is
between 0 and onenth of bulk q ~n is the number of lattices
in a SL period! due to the band-folding effect, leading to th
enhancement of̂ak6quHep

6uak& and ^bk6quHep
6ubk&.

In modulation absorption experiments, one measu
DT/T, which can be written in terms of absorption coef
cient a and extinction coefficientK by18

DT

T
52

2R

12R

DR

R
2dD a ~4!

;2
2R

12R

DR

R
24p dD K

1

l
~5!

FIG. 1. Indirect transition through virtual processes. In bulk,
optical phonon with large momentumq is required, while in a su-
perlattice, the required momentumq8 is made much smaller due t
the folding effect. The vertical dashed lines represent the bou
aries of the superlattice Brillouin zones~BZ’s!.
-

de-

s

whereT is the transmissivity,R the reflectivity, andd the
thickness of the sample. In deriving Eqs.~4! and ~5!, we
have assumed that exp(2ad)@R2, which can be easily satis
fied at the energy below and near the indirect transition if
thickness of the specimen is not too thin. In modulated
flectance spectroscopy one measuresDR/R, which can be
described by18

DR

R
5

4~n22K221!Dn18nKDK

@~n11!21K2#@~n21!21K2#
, ~6!

assuming normal incidence of light for simplicity. Near th
indirect transition energy it satisfies thatn@K, so we have

DR

R
5

4Dn

n2 ~7!

;
4DK

n2 , ~8!

sinceDn;DK. For GaAs,n2 is typically around 10,DT/T
is thus at least one order of magnitude larger thanDR/R.

Our motivation to carry out this study is based on t
above arguments that the use of photomodulated spec
copy in transmission geometry and the band-folding eff
may lead to the great potential for the observation of
weak indirect transitions in GaAs/Ga12xAl xAs MQW’s.

III. SAMPLE PREPARATION
AND EXPERIMENTAL APPARATUS

The samples used in this study were grown by molecu
beam epitaxy on~001! GaAs substrates. A GaAs buffer laye
~1 mm in thickness! was deposited on the substrate after th
mal deoxidation. The MQW system consisted of 50 perio
of a 4-nm GaAs well sandwiched between 30-n
Ga12xAl xAs barriers~called S01!, or a 7-nm well between
two 30-nm barriers~calledS02!. The growth temperature fo
the MQW systems was 550 °C. To carry out the measu
ment in transmission geometry, the thick GaAs substrate
the buffer had to be removed. A 0.2-mm AlAs spacer was
grown between the MQW system and the GaAs buffer, an
1:4 HF:H2O solution was used to selectively etch away t
AlAs spacer to obtain MQW structures free from the su
strates. The free-standing MQW system had a total thickn
of about 2000 nm, and was cut into a size of 1
3150mm2. The sample was mounted into a high-press
diamond-anvil cell~DAC! together with a piece of ruby chip
for pressure calibration. Hydrostatic pressure was applied
the DAC through a 4:1 methernol-ethanol liquid mixture
pressure transmission medium.

The main part of the setup for PT experiments is shown
Fig. 2. The beam of the 477.2-nm line of an Ar-ion laser w
focused on the sample in the DAC with a size of 50mm in
diameter. The probe beam was focused on the sam
through lens 2, and penetrated through the sample in
opposite direction of the laser beam. Unlike PR experime
where reflected light is collected, in PT experiments t
transmission light is detected. The probe beam was focu
on the input slit of a 0.5-M monochromator and then d
tected by a photomultiplier tube. Other components of
setup were similar to those in a conventional PR experim

d-
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IV. RESULTS AND DISCUSSION

PT spectra measured onS01 andS02 at several pressur
values are presented in Fig. 3. The spectra show dis
structures associated with the subband transitions in
GaAs quantum wells and band-edge transitions in
Ga12xAl xAs barriers. The transition from themth subband in
the heavy-hole ~light-hole! valence band~VB! to the
nth-electron subband in the conduction band~CB! is labeled

FIG. 2. Experimental setup for photomodulated transmiss
spectroscopy.

FIG. 3. Photomodulated transmission spectra measured at
and 43.4 kbar forS01 ~a!, and at 5.4 and 20.4 kbar forS02 ~b!.
ct
e

e

by nmHi(Li), where i equalsG, L, or X, indicating the
region in the Brillouin zone from which the transitions d
rive. On both samples, only allowed transitions (n5m) are
observed.Eg

G , Eg
L , andEg

X denote the direct band gap of th
Ga12xAl xAs barriers atG, the indirect band gap betweenL
CB minima and theG VB maximum, and the indirect band
gap betweenX CB minima and theG VB maximum, respec-
tively. In order to make it easy to resolve relatively we
indirect transitions on PT spectra, the 4-nm~7-nm! well
thickness was chosen forS01 (S02), so that QW’s in the CB
could accommodate only one~two! confined state. The ob
servation of the indirect transitions relies on pressure.
creasing the hydrostatic pressure leads to the appearan
more spectral structures, as shown in Fig. 3.

Some material and structural parameters ofS01 andS02
can be estimated in terms of the PT results. According
Casey and Panish,19 the compositional dependence of th
energy gaps~Eg’s! in Ga12xAl xAs can be expressed at 300
by

Eg
G51.42411.247x ~0<x<0.45!, ~9!

51.42411.247x11.147~x20.45!2 ~0.45,x<1.0!
~10!

for the G direct band gap (G6
c2G8

v), as well as

Eg
L51.70810.642x, ~11!

Eg
x51.90010.125x10.143x2 ~12!

for the L (L6
c2G8

v) and X (X6
c2G8

v) indirect gaps, respec
tively. In terms of Eq. ~9!, the band-gap energy of th
Ga12xAl xAs barriers determined from the zero pressure
spectra,x, and then indirect gapsEg

L and Eg
X , were calcu-

lated using Eqs.~11! and ~12!. Thus the potential profiles
regarding theG valence band and theG, L, andX conduction
bands could be obtained~see Fig. 4!.

It has been recognized that within the quantum wells
transition is excitonic, which differs energetically from th
corresponding band-edge transition by an exciton bind
energy. However, the situation is made complicated by
fact that in quantum wells the binding energy of an excit
depends both on the well width and barrier height. Confin
in an ideal two-dimensional system~an infinitely high barrier
and infinitely narrow well!, an exciton has a binding energ
of 4 Ry instead of 1 Ry in bulk. Thus the exciton bindin
energy values between 1 and 4 Ry in a practical quan
well. Quite a number of theoretical and experimental effo
have been devoted to study the well-width and barrier-he
dependences of the exciton binding energy.20–22 It is esti-
mated that the confinement-induced increase in the exc
binding energy is around 4–5 meV in our GaAs/Ga12xAl xAs
MQW systems. We use a binding energy of 10 meV
direct excitons at theG point ~the binding energy in the GaA
bulk is about 5 meV!, which is a reasonable value as show
by a number of calculations and experiments.20–22

In terms of the potential profiles depicted in Fig. 4, t
peak energies of the transitions inside the quantum w

n

.2
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57 6569OBSERVATION OF DIRECT AND PHONON-ASSISTED . . .
were calculated in the transfer-matrix-element~TME!
scheme,23 using the well thickness as a fitting parameter. T
band-edge parameters were used in the calculation, ex
that a 10-meV exciton binding energy was included to co
in the exciton effect. For the indirect transitions the excit
binding energies were ignored, since they were much sma
than those of the direct ones. The material parameters us
the calculation are tabulated in Table I. The well widths
both samples are in good agreement with those estim
from the growth parameters. Calculated energies for vari
transitions inS01 andS02 are marked by arrows in Fig. 4

1. Direct transitions atG band edges

The energies vs hydrostatic pressures for several d
transitions observed by PT measurements are summariz

FIG. 4. Calculated band alignment ofS01 andS02 using the
parameters listed in Table I.

TABLE I. The sample parameters used in the TME calculati
The well and barrier widths are in nm, and the band gaps and b
offsets in eV. The CB~VB! offset ratioDEc /DEg(DEc /DEg) is
taken as 60%~40%!.

LW LB x DEc DEv

S01 3.9 30 0.275 0.206 0.137
S02 6.5 30 0.350 0.262 0.175
e
ept
t

er
in

r
ed
s

ct
in

Figs. 5~a! and 5~b!. The solid lines in the figures are th
least-square fits to the experimental data, assuming a li
energy-pressure relation of

Ei~P!5Ei~0!1
]Ei

]P
P. ~13!

HereEi(0) is the transition energy at zero pressure,]Ei /]P
is the pressure coefficient, andi denotes various transition
such as 11HG, 11LG, etc. The pressure coefficients and ze
pressure transition energies, obtained from the least-sq
fit to the experimental data in Figs. 5~a! and 5~b!, are listed
in Table II.

In GaAs/Ga12xAl xAs MQW systems, potential wells ar
formed in GaAs layers, and the electronic states are cha
terized by quantized subbands whose energy positions
on the GaAs well width and the Ga12xAl xAs barrier height.
The observed 11HG is derived from the first electron stat
and the first heavy-hole state at theG point, both states being

.
nd

FIG. 5. The energies of direct transitions in theG vicinity as a
function of hydrostatic pressure forS01 ~a! and S02 ~b!. The
straight lines are the least-square fits to the experimental data.
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6570 57DAI, HUANG, LIU, MU, LU, AND SHEN
confined in the GaAs well layers. The pressure coefficien
the 11HG transition, as listed in Table II, falls between tho
of the Ga12xAl xAs and GaAs bulk, which can be interprete
as due to a wave function penetrating into the Ga12xAl xAs
barriers that have a slightly smaller pressure coefficient t
GaAs. In the table, the pressure coefficients ofEg

G are ob-
tained from the measured pressure dependence of the fu
mental band gaps of the Ga12xAl xAs barrier layers inS01
andS02. It has been recognized that the pressure coeffic
of Ga12xAl xAs depends onx in a quite complicated way.24

The pressure coefficients for GaAs in Table II are cited fr
Refs. 25 and 26, respectively. Note the slight divergence
the pressure coefficients between publications.25–28Since the
heavy-hole excitons are strongly localized in the well regio
~GaAs layers!, the pressure coefficient of 11HG is expected
to be close to that of the band-edge transition in the Ga
bulk. The slightly different pressure coefficients of 11HG for
S01 andS02 are due to their different well widths as well a
different Al concentration in the barrier layers.S01 has a
narrower well width and a lower Al concentration in th
barriers. The former tends to decrease the pressure co
cient, while the latter tends to increase it. The larger press
coefficient of 11HG in S02 indicates that, in our case, th
former is more significant than the latter.

Compared to heavy holes, light holes are less localiz
i.e., relatively more wave function penetrates into t
Ga12xAl xAs barriers, implying that light holes might have
smaller pressure coefficient. However, the pressure co
cients of the light- and heavy-hole excitons do not app
very different since it happens that in GaAs/Ga12xAl xAs,
QWs with x;0.3 the CB band offset (DEc), takes 90% of
the pressure-induced variation of energy-gap difference
tween GaAs and Ga12xAl xAs.29 Another effect, although it
is small, is more significant for light holes than for hea
holes. With the increase of pressure the well width tends
decrease, which pushes the light-hole states down, leadin
the increase of its pressure coefficient. All this results
approximately the same pressure coefficients for the he
and light-hole transitions, as clearly indicated in Fig. 5. T

TABLE II. The pressure coefficients and zero-pressure tra
tion energies obtained by least-square fits to the pressure de
dence of various transitions measured onS01 andS02. ~The tran-
sition energies are in eV, and the pressure coefficients in m
kbar!.

S01
E0

i ]Ei /]P
S02
E0

i ]Ei /]P
GaAs bulk

]Ei /]P

11HG 1.537 9.73 1.501 10.40
11LG 1.562 9.70
22HG 1.656 10.22
11HL 1.821 3.48 1.786 3.17
22HL 1.875 4.67
Eg

L(Ga11xAl xAs) 1.981 3.00 2.007 2.58
Eg

G(Ga12xAl xAs) 1.768 9.39 1.887 9.45
Eg

G(GaAs) 10.73a~10.8b!

aReference 25.
bReference 26.
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11LG transition is rather difficult to resolve onS02, since the
weak peak is overwhelmed by other stronger peaks in
vicinity.

As expected, 22HG has nearly the same pressure coe
cient as that of 11HG, since the localization of then51 and
the n52 heavy holes are essentially the same for QW
which can accommodate three (S01) or four (S02) confined
heavy-hole states according to our calculations. Note that
small difference between pressure coefficients of 11HG and
22HG is within the error bar in experimentally determinin
the peak position of 22HG. The weak peak intensity as we
as the crossover with other stronger peaks makes it diffi
to locate its energy positions accurately.

It should be noted that the sublinearity of the press
dependence of the transition energies does exist
GaAs/Ga12xAl xAs QW systems,10 due to a variety of ori-
gins, such as pressure-induced changes in exciton bin
energy, effective mass, etc. The sublinearity, however,
pears to be significant only at high pressure for transitio
derived from high quantum index states. This effect is e
tremely small for our samples in the studied press
range.30,9,10

2. Phonon-assisted indirect transitions associated
with L and X conduction minima

It is rather difficult to resolve the weakL-related indirect
transitions on reflectance or modulated reflectan
spectra.9,10 Using the PT technique, several phonon-assis
indirect transitions are clearly observed, as shown in Fig
Summarized in Figs. 6~a! and 6~b! are the transition energie
versus hydrostatic pressures obtained from PT measurem
~filled triangles, circles, and squares!. They are identified as
the transitions between the CB minima at theL point and the
VB maximum at theG point, according to their typical val-
ues of L-valley pressure coefficient~see Table II!.9,31 The
least-square fits to the experimental data yield pressure c
ficients around 3.0–3.4 meV/kbar~see Table II!, consistent
with the reported values. The indirect transitions gain th
intensities as merged from the 11HG peak and, with the fur-
ther increase of pressure, lose their intensities as approa
by other stronger peaks~11HG or 22HG!. They become dif-
ficult to resolve when the crossover betweenG CB andL CB
band edges occurs.

11HL ~filled triangles! is identified as the indirect transi
tion between then51 heavy hole atG and n51 electron
states atL in the quantum wells. InS02, 11HL is well re-
solved even at atmospheric pressure~0 bar!, whereas inS01
a pressure over 10 kbar is required to reveal the peak.
different behavior ofS01 andS02 can be explained accord
ing to the potential profiles of theG, L, andX band edges
depicted in Fig. 4. The confinement energies for the electr
and holes in quantum wells were calculated by the TM
scheme using the corresponding effective masses atG, L,
andX valleys.32 It is obvious from Fig. 4 that, inS02, due to
its relatively large well thickness and high Al concentrati
in the barrier layers, the 11HL peak is roughly 140 meV
below Eg

G , while in S01 the corresponding value is 15 me
so that a much higher pressure is required to move 11HL far
away fromEg

G .
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In Fig. 6, the dashed line is the calculated transition
ergy as a function of hydrostatic pressure using a pres
coefficient of 3.20 meV/kbar, and the transition energies
conventional pressure~0 bar! calculated in terms ofL-band
potential profiles in Fig. 4. An optical-phonon energy of
meV is also included in the calculation. Without taking in
account the phonon energy, the calculatedL indirect transi-
tion energies are, quite consistently, 40–60 meV below
experimental ones. Such a discrepancy exceeds the erro
due to the uncertainty in material parameters and the
proximation made in the calculations. We thus believe t
the second-order perturbation is dominated by phonon e
sion, so that a phonon energy of 40 meV should be add
For phonon absorption, 40 meV has to be deducted from
calculated transition energies, and the discrepancy is the

FIG. 6. The energies of indirect transitions derived fromL and
X conduction minima as functions of hydrostatic pressure meas
on S01 ~a! andS02 ~b!.
-
re
t

e
bar
p-
t

is-
d.
e
as

large as 100 meV. The inclusion of phonon energy result
a good agreement between calculations and experiments~see
Fig. 6!. Other factors may contribute to the rest of the 1
20-meV discrepancy. The parameters at the Brillouin zo
other than theG valley, including the band gaps~as a func-
tion of Al concentration!, band alignments~band offsets!,
etc., are currently known with poor accuracy.Eg’s depen-
dence onx, quoted in Refs. 19 and 32, for instance, show
disagreement of about 15 meV atx50.3. The rest of the
error may be due to the uncertainties in determining the w
layer thickness and Al concentrations in the barrier laye
Better agreement between the calculations and experim
was expected with the use of more accurate parameters

In S02, anotherL-related transition shows up in the pre
sure range between 5 and 20 kbar. This transition is ca
22HL. While 11HL andEg

L have roughly the same pressu
coefficients, the peak energy of 22HL increases significantly
faster than that of 11HL with pressure, which is most likely
due to the band mixing withG band. The integral peak in
tensities of 11HL and 22HL, though varying with the pres
sure, may reach to roughly one-third of that of 11HG, as
shown in Fig. 3. It should be pointed out that protuberance
the indirect transitions is not only due to the measuremen
transmission geometry and band-folding effect, but also
relatively larger joint density of states between theL CB and
G VB than that between theG CB andG VB since theL-CB
valleys have larger effective mass than theG-CB minimum.

A peak merged from 11HG as the pressure was raise
above 45 kbar onS02. This transition has the obvious origi
of X band (X6

c2G8
v) judged by its negative pressure coef

cient. This transition has been observed previously on p
toreflectance spectra under high pressure.7,9 We did not ob-
serveEg

X on S01 at pressures up to 50 kbar. Based on Fig
for the band alignments of theG, L, andX band edges, we
expect that an even higher pressure be required to makeEg

X

of S01 observable.

V. CONCLUSION

In conclusion, using photomodulated transmissi
spectroscopy, we investigated the transitions
GaAs/Ga12xAl xAs multiple quantum wells as a function o
hydrostatic pressure up to 50 kilobar. A number of spec
structures associated with both direct and indirect transiti
are observed. The pressure coefficients of the direct tra
tions derived from the confined subbands in GaAs quan
wells are found to fall between those of the GaAs a
Ga12xAl xAs bulk. The phonon-assisted indirect transitio
11HL, 22HL, andEg

L are clearly observed in wide pressu
ranges due to the band-folding effect in the multip
quantum-well systems and with the use of photomodulat
technique in transmitting geometry.
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