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Photoluminescence, measured as a function of hydrostatic pressure, has been used to determine the band
offsets of two tensile-strained GaxIn12xP-~Al yGa12y) 0.52In0.48P quantum-well structures. Unlike other tech-
niques commonly used to determine band offsets, this method has the advantage that a detailed knowledge of
the material parameters is not required. Conduction-band offsets ofDEc5(0.7960.07)DEG

HH and
DEc5(0.7460.10)DEG

HH , whereDEG
HH is the total heavy-hole-related band-gap discontinuity, are obtained

for structures having strains of10.56 and10.71% and barrier Al compositions of 0.7 and 0.55, respectively.
Alternatively the band offsets expressed in terms of the light-hole band-gap discontinuity areDEc :
DEG

LH50.70:0.30 and 0.61:0.39@corresponding to absolute light-hole valence-band offsets ofDEV
LH

5(110612) meV and (113615) meV# for the 10.56 and10.71% strained samples, respectively. At high
pressures the structures become type II, and the observed indirect real andk-space transition exhibits a
blueshift with increasing incident laser power density. An analysis of this blueshift allows both the density and
lifetime of the spatially separated photoexcited carriers to be determined.

I. INTRODUCTION

GaxIn 12xP-~Al yGa12y) 0.52In 0.48P heterostructures, with
x50.52, represent the largest direct band gap, III-V GaAs-
lattice-matched low-dimensional semiconductor system.
They hence possess considerable potential for efficient, vis-
ible electro-optical applications including ultrabright red-
green light-emitting diodes,1 and both conventional
geometry2 and vertical cavity surface-emitting3 visible laser
diodes. By altering the Ga:In ratio of the GaxIn 12xP
well material, the active region of GaxIn 12xP-
~Al yGa12y)0.52In 0.48P heterostructures may be subjected to
either tensile (x.0.52) or compressive (x,0.52) strain.
Both types of strain have been predicted4,5 to lead to im-
proved laser diode performance, compared to unstrained de-
vices, due to strain modifications of the valence-band struc-
ture. Tensile strain is expected to reduce spontaneous
emission losses in the plane of the layers, and there is some
experimental evidence to suggest that GaxIn 12xP-
~Al yGa12y)0.52In 0.48P devices with tensile-strained active
layers exhibit reduced threshold current densities.6

In order to accurately model and optimize device behav-
ior, a reliable knowledge of the heterojunction band offsets
is required. Although there have been a number of reports
of measurements of unstrained GaxIn 12xP-Al~Ga!InP
band offsets,7–13 and, to a more limited extent, for
compressively strained structures,13–15 very little is
known about the band offsets of the tensile-strained
GaxIn 12xP-~Al yGa12y)0.52In0.48P system. To the best of
our knowledge there has been only one reported determina-
tion of such offsets16 where an optical technique, applied to
samples with a strain of10.56% (x50.59), gave a conduc-
tion band offsetDEc;0.7DEG

HH ,16 DEG
HH being the total

heavy-hole band-gap discontinuity.

In the present paper we describe the use of hydrostatic
pressure to directly determine the band offsets of tensile
strained GaxIn 12xP-~Al yGa12y)0.52In0.48P quantum wells.
This technique, in which the low-temperature photolumines-
cence is measured as a function of hydrostatic
pressure,7,8,11–13,17provides a direct and reliable determina-
tion of the band offsets. Unlike other techniques which are
commonly used to determine heterojunction band offsets, it
requires a knowledge of relatively few material parameters.
Such parameters are often not well known for ternary- and
quaternary-containing heterojunction systems, and this limits
the accuracy and reliability of many of the more commonly
employed methods used to determine band offsets.

II. SAMPLE AND EXPERIMENTAL DETAILS

Two tensile-strained GaxIn 12xP-~Al yGa12y)0.52In0.48P
quantum-well structures have been studied. The first, which
is grown by metal-organic vapor-phase epitaxy~MOVPE!,
has (x,y)5(0.59,0.7) and consists of a 300-Å single quan-
tum well ~SQW! confined between 0.1- and 1-mm barrier
layers. The composition of the well results in it being sub-
jected to an in-plane tensile strain of10.56%. Growth con-
ditions for this sample are designed to minimize the effects
of the spontaneous ordering which can occur in MOVPE-
grown GaxIn 12xP and~Al yGa12y)0.52In0.48P.

18 Full details
of the growth and characterization of this and related
samples are given in Ref. 16. The second sample is grown by
gas-source molecular-beam epitaxy~GS-MBE!, and consists
of a seven-period multiple quantum well~MQW! with
(x,y)5(0.61,0.55) and 55-Å wells and 37-Å barriers. This
well composition produces an in-plane tensile strain of
10.71%. The quantum-well stack is confined between 0.1-
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and 1.0-mm-thick Al xGa12xInP layers of a composition
equal to that of the barriers. Growth is on a~001! GaAs
substrate misoriented by 15° toward (111)A again to mini-
mize possible ordering effects. The barriers of both samples
are nominally unstrained.

Hydrostatic pressure was applied to the samples at 1.8 K
in a miniature diamond-anvil cell.19 The samples were me-
chanically thinned to a thickness of;50 mm and then
cleaved to a size;1003100 mm2 before mounting in the
cell. A ruby chip was used as a pressure sensor with argon as
a pressure transmitting medium. The photoluminescence
~PL! was excited with the 4765-Å line of an Ar-ion laser,
using incident power densities in the range;2–30 W
cm22, and was detected with a triple spectrometer and a
multichannel charge coupled device~CCD! system.

III. EXPERIMENTAL RESULTS

A. MQW sample

Figure 1 shows typical PL spectra of the MQW, recorded
for a number of pressures. At low pressures the dominant PL
(E1) arises from recombination between the lowest well
electron and the highest well valence-band states. Both these
states are atk50 (G). Hence transitionE1 is direct in both
real andk space. Because the well is subjected to tensile
strain, the lowest-energy valence-band state is the first light-
hole level ~LH1!. Without the effects of quantum confine-
ment, and a well composition ofx50.61, this state lies 52
meV lower in energy than the first heavy-hole state~HH1!.
Although confinement effects reduce this splitting, we calcu-
late that, for the 55-Å well width of the present sample, LH1
lies 18 meV below HH1. The higher-energy, weaker features
in the PL spectra arise from recombination in the barriers.
This consists of a main peak (E2) and weaker impurity- or

defect-related peaks (E2* and E2** ). Also observed in the
low-pressure spectra is the first LO-phonon satellite~LO1)
of transitionE1 . This feature, which corresponds toE1 re-
combination and the additional emission of a longitudinal-
optical phonon, has been discussed elsewhere,9,20 and will
not be considered further in this paper. In Fig. 2 the mea-
sured PL transition energies of the MQW are plotted against
pressure. For clarity the phonon satellite associated with the
E1 transition is omitted. With increasing pressure theE1
quantum-well transition shifts to higher energy at a rate
(91.760.35) meV/GPa, consistent with the behavior ex-
pected for a transition between zone-center electron and hole
states (G→G). In contrast, the barrier transitionE2 exhibits
a smaller and negative pressure coefficient of (219.160.3)
meV/GPa, typical of transitions between electron states at
the kÞ0 X point and hole states at the zone center
(X→G). This behavior is in agreement with studies of bulk
~Al xGa12x)0.52In 0.48P, which show that forx*0.52 the ma-
terial has an indirect band gap.21,22 For pressures above
'1.3 GPa theE1 transition disappears, and a series of tran-
sitions (E3 , E3* , andE3** ) appear, all of which exhibit a
small, negative pressure coefficient@(217.060.9) meV/GPa
for E3#.

The negative pressure coefficient of theE3 transition in-
dicates that, likeE2 , it originates from anX state. For this
there are two possibilities, either the wellX state (XW) or the
barrierX state (XB). In both cases the final hole state will be
in the well (GW) as this represents the highest valence-band
state for all pressures. Both possibilities forE3 (XW→GW
andXB→GW) are indicated in Fig. 3, which is a schematic
band diagram of the sample at ambient pressure. Details of
the calculations of the energy levels shown in Fig. 3 will be
described below. At ambient pressure recombination associ-
ated withXW→GW will not be observed due to the zero-

FIG. 1. Typical PL spectra of the MQW sample recorded for
various values of applied hydrostatic pressure at 1.8 K.

FIG. 2. PL measured transition energies of the MQW plotted
against applied hydrostatic pressure.
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electron population ofXW . In addition, theXB→GW transi-
tion is unlikely to be visible due to the low population of
XB and the small wave-function overlap between the spa-
tially separated statesXB andGW . However, with increasing
hydrostatic pressure theX states move down and theG elec-
tron states move up in energy. Hence, above a certain pres-
sure the lowestX state will become the lowest electron state.
Its population will increase, and transitions from this state
will be observed.

Inspection of Fig. 3 shows that the relative positions of
XW andXB depend not only on the magnitude of the well and
barrier indirect band gaps but also on the size of the valence-
band offset. Furthermore, the valence-band offset for the
light-hole states,DEV

LH , is given by

DEV
LH'E22E~XB→GW!1ELH1 , ~1!

whereE(XB→GW) is the energy of theXB→GW transition,
and ELH1 is the confinement energy of the first light-hole
state. Hence, if the experimentally observed transitionE3 is
due toXB→GW becauseXB is the lowestX state, then, by
extrapolating its energy back to ambient pressure, the
valence-band offset can be determined from a knowledge of
E2 andELH1 . However, ifE3 is due toXW→GW because
XW is the lowestX state, then only a lower limit can be
placed on the size ofE(XB→GW) and hence onDEV

LH .
In order to determine whetherE3 is due toXW→GW or

XB→GW , PL spectra were recorded as a function of the
incident laser power density. Typical spectra, recorded for
power densities of;1 and 5 W cm22, at pressures of 1.53
and 3.04 GPa, are shown in Fig. 4. At both pressures, in-
creasing the incident laser power density causes theE3 tran-
sition to blueshift to higher energy by'4 meV. In contrast,
the barrier transitionE2 exhibits no power-dependent blue-
shift within the experimental accuracy. In addition, the inten-
sity ofE3 becomes weaker relative to that ofE2 as the power
density is increased. The power-dependent blueshift ofE3
can be understood if this transition occurs between spatially
separated initial and final states~i.e.,XB→GW).

23,24 The net
negative charge due to electrons in the barriers produces an
electrostatic band bending of an opposite sign to that pro-

duced by the net positive charge of holes in the well. The
energies of both the initial electron and final hole states of a
spatially indirect transition are hence increased, resulting in
an overall increase, with increasing carrier density, of the
transition energy. In addition, the small overlap between the
wave functions of the initial and final states results in a long
recombination time. A large charge buildup, and hence large
band bending and resultant blueshift, therefore occurs for
moderate incident laser powers. In contrast, transitions be-
tween nonspatially separated states~i.e., XW→GW) will be
unaffected by any space-charge-induced band bending as, to
a first approximation, the effect on electron and hole states in
the same layer will be equal and of the same sign.23 The
overall effect on the energy of a spatially direct transition
will therefore be zero. The reason for the variation of the
relative intensities ofE2 andE3 as the incident laser power
density is increased is unclear. However, we have observed a
similar behavior in unstrained Ga0.52In 0.48P-
~Al yGa12y)0.52In 0.48P MQWs where theE3 transition could
be unambiguously assigned toXB→GW both from its ob-
served blueshift with increasing laser power density and the
variation of its energy between samples of different barrier
Al composition.7,8

From the observed behavior ofE3 , we therefore conclude
that it is theXB→GW indirect real andk-space transition
with E3* andE3** resulting from defect/impurity states asso-
ciated withXB and/orGW . This result implies thatXB lies
below XW in the present sample. Having identifiedE3 as
being due toXB→GW , the band offsets of the sample can
now be determined. Equation~1! can be rewritten as

DEV
LH5E2

g2E3
g1ELH1 , ~2!

FIG. 3. Schematic band diagram of the MQW at ambient pres-
sure. For clarity the energy axis is not drawn to scale.

FIG. 4. The incident laser power density dependence of the PL
spectra of the MQW. Spectra are shown recorded for incident
power densities of 1 and 5 W cm22 at pressures of 1.53 and 3.04
GPa.
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whereE2
g and E3

g are the zero-pressure, free-particle band
gaps corresponding to transitionsE2 andE3 , respectively.
As we have discussed in a previous publication,7 in order to
relate the free-particle band gaps to the experimentally deter-
mined transition energies, corrections for both excitonic and
localization effects must be applied. Accounting for these,
Eq. ~2! becomes

DEV
LH5~E2,m

0 2E3,m
0 !1~E2,ex2E3, ex!1~E2,loc2E3,loc!

1ELH1 , ~3!

whereEi ,m
0 , Ei ,ex, andEi , loc are the measured zero-pressure

transition energy, exciton binding energy, and localization
energy, respectively, of thei th transition.E2,m

0 , the zero-
pressure barrier indirect band-gap transition energy, is ob-
tained from the zero-pressure spectra, and the zero-pressure
value of the spatially indirect transitionE3,m

0 is obtained by
extrapolating back to zero pressure the transitions plotted in
Fig. 2. The value of the latter is adjusted slightly to correct
for the blueshift induced by the incident laser power density
used to obtain the data of Fig. 2. For the barrier indirect
band-gap exciton binding energyE2,ex, we assumed a value
of 20 meV, equal to the experimentally measured value for
GaP.25 E3,ex is the exciton binding energy of the indirect real
andk-space transitionXB→GW . Because of the spatial sepa-
ration of the electron and hole, this will have a value less
than that of a corresponding bulk three-dimensional~3D!
exciton. For the layer thicknesses of the present sample cal-
culations by Duggan and Ralph,26 for the case of a type-II
GaAs-AlAs superlattice, indicate an indirect exciton binding
energy of approximately half the bulk AlAs value. Although
the effective masses of the GaAs-AlAs and GaxIn 12xP-
~Al yGa12y)0.52In0.48P systems are similar, the band offsets
of the former system are considerably greater. This latter
difference will lead to a larger indirect exciton binding en-
ergy for the GaxIn 12xP-~Al yGa12y)0.52In0.48P system due to
the greater penetration of the electron and hole wave func-
tions into their respective barriers which will reduce their
effective spatial separation. We therefore assume a value for
E3,ex of half the bulk GaP value, although from the above
discussion this may slightly underestimate its true value. The
penultimate term in Eq.~3! represents the difference between
the localization energies for the two transitionsE2 and
E3 . PL and PLE measurements of high Al content
~Al xGa12x)0.52In 0.48P layers give a localization energy of
;30 meV for recombination at the indirect band gap.21,22

The difference between the two localization energies is dif-
ficult to calculate but, given that they both have the same
initial state, a reasonable approximation is to assume that
they are equal to within 10 meV and hence that
E2,loc2E3,loc5(0610) meV.

Using Eq.~3!, the valence-band offset for light holes can
now be determined. The only additional parameter required
is ELH1 , for which a value of 30 meV is calculated using a
finite depth square-well model which includes the effects of
coupling between the light and spin-orbit split-off bands.
With this value forELH1 , Eq. ~3! givesDEV

LH5(113615)
meV. The errors in this value are due to uncertainties in the
zero-pressure intercepts ofE2 andE3 determined from Fig.
2, and errors in the calculated terms in Eq.~3!. Having de-

terminedDEV
LH , the conduction band offsetDEc can be cal-

culated if the well and barrier direct band gaps are known.
The barrier band gap is measured directly by photolumines-
cence excitation~PLE!, and a value of (2.35760.010) eV is
obtained after correction for the exciton binding energy. For
the strained well a light-hole-related bulk band gap of
(2.06960.015) eV is calculated using Eq.~1! of Ref. 16 for
the unstrained band gap of GaxIn 12xP, the theory of Ref. 27
for the effects of strain on the direct band gap, and material
parameters given in Ref. 16. From these values a conduction-
band offset of (175623) meV is determined and, using a
calculated value of (2.12160.010) eV for the well heavy-
hole band gap, a heavy-hole offsetDEV

HH5(61625) meV is
deduced. Finally, expressing the conduction-band offset as a
fraction of the total heavy-hole band gap discontinuity
(DEG

HH) gives the resultDEc5(0.7460.10)DEG
HH . Alterna-

tively expressingDEc as a fraction of the total light-hole
band-gap discontinuity (DEG

LH) gives the result
DEc5(0.6160.08)DEG

LH . These calculated values are indi-
cated on the schematic band diagram of Fig. 3.

As discussed above, the relative position of the well and
barrierX states (XW andXB) depends not only upon the sizes
of the bulk indirect band gaps but also on the magnitude of
the valence-band offset. In order to observe the indirect real
and k-space transitionXB→GW , and hence to be able to
determine the band offsets,XB must lie belowXW . Refer-
ence to Fig. 3 shows that this requires

EB
IND,EW

IND1DEV
LH , ~4!

whereEB
IND andEW

IND are the barrier and well indirect bulk
band gaps, the latter measured with respect to the strained
light-hole valence-band edge. Confinement effects are ne-
glected due to the largeX-point effective masses. Measure-
ments of bulk~Al xGa12x)0.52In 0.48P ~Refs. 21 and 22! and
GaxIn12xP ~Refs. 28 and 29! give values forEB

IND and the
indirect band gap of unstrained Ga0.61In 0.39P of 2.325 and
2.310 eV, respectively. The effect of tensile strain on the
indirect band gap of Ga0.61In 0.39P has three components; a
positive hydrostatic term, a negative term resulting from the
strain splitting of the valence band, and a similar negative
term for theX states which results in theX valley along the
growth direction (Xz) forming the lowest quantum-wellX
state. To calculate the size of these effects, we use an indirect
gap hydrostatic pressure deformation potential of11.52 eV,
derived from hydrostatic pressure measurements of GaAs
lattice-matched Ga0.52In 0.48P,

30 and theX-point shear defor-
mation potential of GaP.25 This calculation assumes, as do
all the calculations in this paper, that the sample growth di-
rection is~001!. The errors introduced by the deviation of the
actual growth directions away from~001! are expected to be
small, and are certainly less than errors arising from the un-
certainties in the precise values of the material parameters
used in the calculations. The overall effect of the strain is to
reduce the well indirect band gap by 77 meV, and the rela-
tive positions of the wellX states are indicated in Fig. 3.
With these values forEB

IND andEW
IND , Eq. ~4! requires that

DEV
LH.92 meV or, alternatively,DEC,196 meV. Express-

ing DEC as a fraction of the total heavy-hole band-gap dis-
continuity results in the inequalityDEC,0.83DEG

HH . The
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value deduced above forDEC is fairly close to but within
this limit, providing further support for the above assignment
of E3 to the type-II indirect real andk-space transition
XB→GW .

B. SQW sample

Figure 5 shows PL spectra of the SQW recorded as a
function of pressure. The form and behavior of these spectra
are very similar to those of the MQW sample described
above. The low-pressure spectra are again dominated by the
direct quantum-well transition (E1) with weaker barrier PL
at higher energy (E2 , E2* , andE2** ). The pressure coeffi-
cients of these transitions are (7661) meV/GPa and
(218.360.8) meV/GPa, respectively. For pressures above
'2.0 GPa,E1 is quenched and is replaced byE3 and related
transitions all showing a negative pressure coefficient of
(22561) meV/GPa. The energies of the PL transitions for
the SQW are plotted against pressure in Fig. 6. A reliable
determination of the SQW band offsets again requires that
the experimentally observed featureE3 is due to the indirect
real andk-spaceXB→GW transition. PL spectra recorded for
different incident laser power densities show a small blue-
shift ofE3 with increasing power, although, in contrast to the
MQW, E3 becomes more intense in relation to the barrier
transitionE2 as the laser power is increased.

The observed blueshift ofE3 and the result of
calculations,31 which indicate that ifXB is the lowestX state
in the MQW then it must also be the lowestX state in the
SQW, allows us to conclude thatE3 is due to theXB→GW
transition. The light-hole-related valence-band offset can
now be determined from Eq.~3!. The only difference com-
pared to the MQW is that, because of the wide well width of

the SQW, the hole confinement energy (ELH1) is very small
('2 meV!, and the binding energy of the spatially indirect
transition exciton (E3,ex) is essentially zero. The experimen-
tally determined values then giveDEV

LH5(110612) meV.
Using PLE-measured values for the well and barrier band
gaps, values of DEc5(260619) meV and
DEV

HH5(68621) meV are determined for the conduction
and heavy-hole-related band offsets, respectively. Finally,
expressing the conduction-band offset as a fraction of the
total heavy-hole band-gap discontinuity gives
DEc5(0.7960.07)DEG

HH or, as a fraction of the total light-
hole band-gap discontinuity,DEc5(0.7060.07)DEG

LH . Cal-
culations for this sample using Eq.~4! show that the obser-
vation of the type-II transition requiresDEc,0.89DEG

HH ,
providing additional support for the validity of this band-
offset determination.

It is interesting to note that there is some difference in the
pressure coefficients of nominally identical transitions for the
two samples. The reason for this behavior is unclear, but
probably indicates the presence of nonhydrostatic pressure
coefficients~i.e., biaxial strain! within the samples. This may
be an intrinsic effect due to the different bulk moduli of the
well, barrier, and substrate materials, an extrinsic effect re-
sulting from conditions within the pressure cell or a combi-
nation of the two. However, the presence of nonhydrostatic
pressure components, regardless of their origin, will not af-
fect the validity of the band-offset determinations. The only
experimental requirement is that the transitions show a linear
shift with pressure allowing, where necessary, an accurate
extrapolation of their ambient pressure values and hence al-
lowing a reliable determination of the ambient pressure band

FIG. 5. Typical PL spectra of the SQW sample recorded for
various values of applied hydrostatic pressure at 1.8 K.

FIG. 6. PL measured transition energies of the SQW plotted
against applied hydrostatic pressure.
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offsets. Within our experimental accuracy all the transitions
satisfy this requirement of a linear pressure coefficient.

IV. DISCUSSION OF RESULTS

The absolute conduction-band offsets for the SQW
and MQW are DEc5(260619) and (175623) meV,
respectively, or, expressed as fractions of the heavy-hole
band-gap discontinuity, DEc5(0.7960.07)DEG

HH and
(0.7460.10)DEG

HH . These latter values are slightly larger
than those obtained for unstrained wells where, using a simi-
lar pressure method, we have obtained values of
DEc5(0.6560.05)DEG and (0.7060.05)DEG for barrier
Al compositions y50.58 and 1.0, respectively.7,8 Other
groups have determined unstrained values of
DEc50.75DEG ~Ref. 32! and 0.67DEG ~Refs. 11 and 12!
for y50.7 and 1.0, respectively, using a similar pressure
method and DEc5(0.6560.05)DEG ~Ref. 10! and
0.67DEG ~Ref. 9! for y50.6 and 0.7 from a theoretical mod-
eling of PLE-measured transition energies. To the best of our
knowledge the only other determination of the band offsets
of tensile-strained samples gave a value of
DEc;0.7DEG

HH , deduced from a series of samples which
included the SQW of the present work.16 This value was
determined by observing the well width for which the first
light- and heavy-hole states cross in energy. Because this
crossing occurs for narrow well widths where the transition
line widths are relatively large, the precision of this result is
limited. However, its value is consistent with the present
more accurate results.

There have been relatively few theoretical calculations of
the GaxIn 12xP-~Al yGa12y)0.52In0.48P system band offsets.
Although the unstrained values agree well with those pre-
dicted by recent calculations based on Van de Walle’s model
solid theory,16,33our tensile strained values are slightly larger
than those expected from this model. For example, a value of
DEc50.61DEG

HH is predicted for the SQW compared to the
experimentally determined value of DEc5(0.79
60.07)DEG

HH . However, the apparent experimentally mea-
sured increase inDEc /DEG

HH between the SQW and MQW
is in agreement with the model solid theory which predicts
an increase in this ratio with increasing barrier Al content.
The model therefore appears to predict correctly some of the
observed trends in the offsets but with some errors in their
absolute values.

V. DETERMINATION OF THE TYPE-II
TRANSITION LIFETIME

From the measured laser power density-induced blueshift
of theXB→GW spatially indirect type-II transition, it is pos-
sible to determine an order-of-magnitude value for the spa-
tially separated carrier density, and also to estimate the life-
time of these carriers. Using a simple electrostatic model,
Langbeinet al.34 have shown that, with the assumption that
the carrier wave functions may be approximated by sine
waves, the carrier-density dependence of the blueshift
(DE) is given by

DE5
e2n

««0
dS 1121

1

2p2D , ~5!

whered is the period length of the structure, andn is the
two-dimensional carrier density in each layer. If we assume a
linear dependence of charge density upon incident laser
power for low powers~i.e., that the recombination time is
independent of carrier density! then, for the MQW sample, a
carrier density of;331011 cm22 is deduced to account for
the blueshift observed for a 5 W cm22 incident power den-
sity. Because there will be a band-gap-renormalized redshift
in addition to the electrostatic blueshift, this value for the
photoexcited carrier density is likely to represent a lower
limit to its true value. The carrier lifetime can now be found
using a standard rate equation and knowledge of the incident
laser power density and the sample absorption. In the ab-
sence of detailed absorption values for GaxIn 12xP and
~Al yGa12y)In 0.52P0.48 the room-temperature data obtained
for Ga0.5In 0.5P by Goñi et al.28 are used. Their absorption
curves are shifted rigidly in energy to account for the differ-
ent Ga and Al compositions of the layers of the present struc-
ture, and also the pressure and temperature dependence of
the band gaps. With these considerations and the above val-
ues, a carrier lifetime oft;1.5 ms is deduced. Given the
uncertainties in the calculation of this quantity, it should be
considered at best an order-of-magnitude estimation.

The value of;1.5ms for the carrier lifetime is consider-
ably longer than the recombination time expected for a direct
real andk-space transition for which a value of;1 ns is
typical. The carrier lifetime is composed of two contribu-
tions, the radiativetR and nonradiativetNR lifetimes,
through the relationshipt215tR

211tNR
21 . Hence, given the

experimentally determined value oft;1.5ms, tR must have
a value in excess of;1 ms. This large value fortR is con-
sistent with that expected for a system with spatially sepa-
rated carriers. Skolnicket al.35 directly measured the carrier
lifetime of a type-II GaAs-AlAs superlattice as a function of
applied hydrostatic pressure. This increased from 0.4 to 12
ms, the variation being explained in terms of mixing between
theG andX electron states which decreases as their energy
separation is increased by the applied pressure. The present
value for tR is consistent with these values, although the
uncertainties connected with its determination makes a quan-
titative measurement of any variation with pressure difficult.

VI. CONCLUSIONS

The hydrostatic pressure technique has been used to de-
duce the band offsets of two tensile strained
GaxIn 12xP-~Al yGa12y) 0.52In 0.48P quantum well structures.
The majority of the total band-gap discontinuity is deter-
mined to be in the conduction band, a result similar to
that obtained for unstrained structures. Our results indicate
that the valence-band well is relatively shallow for
both unstrained and tensile-strained GaxIn 12xP-
~Al yGa12y)0.52In 0.48P heterostructures. Hence, hole leakage
by thermal emission may be an important factor limiting the
performance of electro-optical devices based on this material
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system. At high pressures the quantum wells become type II,
and the observed indirect real andk-space transition shows a
strong blueshift with increasing incident laser power density.
An analysis of this blueshift allows both the photoexcited
carrier density and the lifetime of the spatially separated car-
riers to be determined.
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