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Photoluminescence excitation spectroscopy of as grown
and chemically released Inp psGrap psAs/GaAs quantum wells
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Chemically released and as-grown Inp psGap gsAs/GaAs single quantum wells were studied with
use of low-temperature photoluminescence and photoluminescence excitation spectroscopy. The good
quality of the lifted material allowed excellent excitation spectra to be observed, with both allowed
and forbidden transitions being evident. The small strains induced in the chemically released layers
allowed light-hole- and heavy-hole-related transitions to be easily differentiated. In addition, the layer
thicknesses in the chemically released films were inferred from optical-transmission measurements
and growth rates. The conduction-band offset ratio was thereby determined to be 0.57+0.05 for
these quantum wells, with the light holes being borderline between type-I and type-II alignment.

I. INTRODUCTION

The recently developed technique of preferentially
etching and chemically releasing epitaxially grown
layers has been demonstrated to have much potential
in device applications3 and in the study of the physical
properties of epilayer materials. This paper describes
photoluminescence (PL) and photoluminescence excita-
tion (PLE) measurements made on Inp psGap gsAs/GaAs
single quantum wells (QW's), some of which have been
chemically released and bonded to quartz or sapphire
substrates. Small strains are induced in the released lay-
ers at temperatures other than room temperature due
to the different thermal expansion of the epilayer and
substrate material. " This novel feature of chemically re-
leased films is used to unambiguously identify the light-
and heavy-hole-related transitions in the PLE spectra.

In using optical techniques to characterize QW's and
superlattices, it is important to distinguish heavy-hole-
and light-hole-related features. It is generally not possi-
ble to unambiguously assign spectral features solely on
the basis of a theoretical model, and some independent
measure is required. In the In Gaq As/GaAs system,
this has been achieved in the past by exploiting the spin-
induced polarization differences between the light- and
heavy-hole bands, either in absorption, luminescence,
PLE (Refs. 10 and ll) or photoreflectance (PR) spec-
tra. The application of strain, using a diamond anvil cell
has also been utilized to study In Gaz As/GaAs quan-
tum wells, We present here a much simpler technique
whereby we exploit the presence of small strains induced
in chemically released films to determine the nature of
the observed QW transitions. The light-hole transitions
are shifted much faster as a function of the strain, making
identification of these transitions straightforward.

Because of recent controveisy surrounding the
In Ga& ~As/GaAs band offset, g ~g ~s g2 especially at

low In concentration, we chose to study QW's with only
5'Fo indium in the well layer. The total QW depth BET
(equal to the sum of the conduction-band offset AE, and
the valence-band offset EE„) is only 60 meV in this
case, so it is important to determine the QW excited-
state transition energies accurately. For this reason, the
samples were studied using low-temperature PLE. The
QW thickness was determined very accurately using the
sample growth times and the total film thickness, which
is determined by optical transmission. Both allowed and
forbidden transitions were observed. The conduction-
band offset ratio Q, = AE, /AE~, was found to be
0.57+0.05, with the light-hole transitions being border-
line between type I and type II in nature. That is, the
light holes are either weakly bound in the In Ga~ As
layer, or just unbound.

II. EXPERIMENTAL

Five In Gaq As/GaAs single-QW samples were pre-
pared. They were grown by molecular-beam epitaxy
on (100)-oriented, undoped semi-insulating GaAs sub-
strates. The sample for chemical release consisted of
a 0.25-pm GaAs buffer layer followed by a 500-A. AIAs
release layer, then 0.5-pm GaAs, 180-A Inp p&Gap gsAs
and a further 0.5-pm GaAs. The remaining four sam-
ples consisted of a 0.25-pm GaAs buffer layer, a layer
of Inp p5Gap gsAs of thickness d, and a 500-A capping
layer of GaAs. The well thickness d was nominally 160,
140, 100, and 70 A for the four samples. The substrate
temperature was 530'C for the In Gar As layers and
the 500-A. GaAs capping layers and 600'C for all other
layers.

The details of the chemical release technique have been
described elsewhere, and will only be outlined here. Af-
ter the growth, two 5 mm x 5 mm squares were cleaved
from the sample grown for liftoff. These were coated with
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"Apiezon W" wax, and the AlAs layer was selectively
removed using a 10% HF etch at a temperature a few
degrees below O'C. One of the lifted-off layers was then
bonded to a quartz substrate (sample No. 2) using uv-
cured Norland optical adhesive number 81, and the other
was "van der Walls bonded" to sapphire (sample No. 3).
Finally, the wax was removed with trichloroethylene.

For the PL and PLE measurements, the samples were
cooled in a closed-cycle, variable-temperature helium
cryostat, generally to 9 K. The excitation source was
either a He-Ne laser (633 nm) or an Ar+-ion-pumped
Ti:sapphire tunable laser. Incident powers varied from
about 1 to 10 mW (0.1—1 W/cm2). The luminescence
was dispersed by a 0.75-m Spex monochromator, or a 1-
m Chromatix monochromator, and detected with either a
Si p-i-n detector or a GaAs photomultiplier tube, using
a synchronous detection technique. Room-temperature
transmission measurements of one of the lifted films were
performed using a tungsten lamp, a monochromator, and
the Si detector. PR measurements were also carried out,
again at room temperature using a similar setup, with
the He-Ne laser as a pump.

sion of the epilayer and the substrate of the lifted films
induces a small biaxial tension, A~, in the films. This
tension can be estimated from the thermal expansion of
the materials involved, to be 3 x 10 for sample
No. 3 and 10 3 for No. 2, however, in the experimen-
tal arrangement used, the substrates were constrained by
the aluminium sample holder, and so the observed strain
appears to be a few percent smaller than the above esti-
mates. The GaAs layers in the lifted samples are hence
under a small tensile strain, and the In Gai ~As layers
are under a smaller compressive strain than before liftoff.
Since we are interested in determining the effects of liftoff
on the transition energies, we will describe this situation
by saying that both layers (GaAs and In Gai As) are
under a small (positive) biaxial tension Ae relative to the
corresponding unlifted layer.

This thermally induced tensile strain shifts the elec-
tron —to—heavy-hole band gap by an amount bEH —bEU,
and the electron —to—light-hole band gap by bE~+ bEU,
where

III. PRELIMINARY ANALYSIS
/'Cii + 2Cig)

An accurate determination of the QW thickness of
sample No. 2 was made by measuring the transmission
of the film beyond the GaAs band edge. The refractive
index of the In Gai As layer is virtually the same as
that for GaAs (since the In content is so low), so the
resulting interference fringes are determined by the total
thickness of the lifted film. Using known values for the
GaAs refractive index, 23 this thickness was found to be
1.055+0.008 pm. The individual In Gai As and GaAs
layer thicknesses h and ho can be related to the respec-
tive growth times t (=64 sec) and go (=1912 sec), and
the perpendicular lattice constants a and ao (=aG A )
of the layers via24

where x is the indium fraction of the In Gai As layer.
Since 2ho+h = 1.055, the thicknesses can be found if the
z fraction is known. Even allowing this x fraction to vary
from 4.5% to 5.5%, the QW layer thickness is determined
very accurately by this process. The resulting thickness
of 184+4 A is very close to the target thickness.

The critical thickness for epitaxial growth of
In Gai As on GaAs has not been exceeded in these
samples, so the In Gai As layers are (biaxially) com-
pressively strained to match the GaAs, which is un-
strained. Since the total GaAs thickness in the lifted
films is much larger than the In~Gai As layer thickness,
the GaAs remains unstrained after liftoff (at room tem-
perature) and the strain in the In Gai ~As layer remains
constant. PR measurements confirmed there was no en-
ergy shift of the GaAs or the QW band gaps between
the lifted and unlifted samples at room temperature. At
low temperatures, however, the different thermal expan-

Cii and Ciq are the elastic constants and a and b are
the hydrostatic and uniaxial deformation potentials, re-
spectively (the biaxial strain is analyzed into a hydro-
static and a uniaxial contribution). The hydrostatic con-
tribution bE~ shifts the transitions to lower energy and
the (smaller) uniaxial component 6EU additionally shifts
the electron —to—light- (heavy-) hole transitions to lower
(higher) energy. Now the deformation potentials and
elastic constants for the In Gai As layer are very close
to those for GaAs, since the In fraction is small. Hence,
to a first approximation, these hydrostatic and uniaxial
shifts will be ident, ical for the two layers. For the GaAs
layer, where the light- and heavy-hole band gaps are ini-
tially degenerate, the strain causes a splitting of the light
and heavy holes by an amount 26EU, as previously re-
ported for GaAs thin films. s For the QW layer, the
strain causes the light-hole band to shift to a higher en-
ergy relative to the heavy-hole band also by 2 6EU. Thus
if the electron —to—light-hole transitions are type I, then
ignoring perhaps a small change in the quantum con-
finement energy, these transitions will also shift down in
energy, relative to the heavy-hole transitions, by 26EU.
Again, if they are type-II transitions, we expect them to
move to lower energy by the same amount. Therefore,
it is a very simple task to identify the light- and heavy-
hole-related transitions using the liftoff samples.

IV. RESULTS AND DISCUSSION

Figure 1 shows PI.E spectra, taken at 9 K, of the 180-A
sample before liftoff (sample No. 1), and the lifted sam-
ples, No. 2 and No. 3. Pl (at 9 I&) is also shown for
sample No. 1, and consists of a strong peak at 1.463 eV,
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FIG. 1. 9 K PL and PLE spectra of a single 180-A.
Ino 05Gao 9qAsjGaAs QW. The top two curves are PL and
PLE, respectively, of the as-grown sample. The two lower
curves are for the sample mounted on sapphire (No. 8) and
quartz (No. 2), respectively. Dotted sections of the PLE
curves are magnified approximately 24 times with respect to
the GaAs peaks on the right-hand side. The lowest energy
peaks (el-hhl) are magnified as indicated. The arrows show
the position of the light-hole-related peaks as a function o
the strain.

and a weaker peak 6 meV higher in energy. Similar PL
was observed from the other samples, and no Stokes shift
between the PL and PLE peaks was found for any of
the samples. The stronger PL peak corresponds to a
first electron to first heavy hole transition, el-hhl, and
the higher energy PL peak corresponds in energy to a
pea ineak in the PLE spectrum of this sample (In this pa-

n-hhrn denotes the nth electron to mth heavy-holeper, en- rn
Thistransition and en-lhrn likewise for light holesj. is)

~ ~ ~

itweaker PL peak was observed to increase in intensi y
relative to the ground-state luminescence as the temper-
ature increased, and several other higher energy peaks
also became visible. 25 The linewidth of the PLE peaks
is very narrow, being 2 meV for the unlifted sample,
and 3 meV for the lifted samples. Thus, the mate-
rial quality of the films after liftofI' is very similar to be-
fore. The spectra in this figure are displaced in energy to
align the el-hhl transition for each sample, which occurs
at 1.463, 1.462, and 1.459 eV, respectively, for samples

No. 1, No. 3, and No. 2. Plotted in this way, the hy-
drostatic contribution to the strain-induced energy shifts
is removed, and heavy-hole-related transitions s-ou ald all
occur at the same energy. Electron —to—light-hole transi-
tions will appear at progressively lower energies as the
strain increases.

The strong peaks above 40 meV correspond to GaAs
t nsitions. For sample No. 1, only one such peak is ob-ransi

t dserved, whereas for the lifted samples, two GaAs-relate
peaks can be seen, the peak at higher (lower) energy
being due to the strain-split heavy- (light-) hole transi-
tion. Note that the highest energy peaks in each case are
roughly coincident in energy, since they are electron —o-
heavy-hole transitions. The small relative energy shifts
are due to slight difFerences (inhomogeneities) in the in-
dium fraction or well width of the samples. The weaker
peaks correspond to QW transitions. It can be seen that,
to a good approximation, most of these peaks align in
energy, with fairly strong peaks at 6, 16, and 27 meV
being observed from each sample. These peaks are there-
fore identified as electron —to—heavy-hole transitions. The
two peaks marked with vertical arrows clearly shift to
lower energy (relative to the heavy-hole transitions) as
the strain in the samples increases and therefore are iden-
tified as electron —to—light-hole transitions.

Having identified the light- and heavy-hole transitions,
land having an accurate measure of the quantum-we

wi, we c'dth we can identify the individual peaks by fitting
9,26the observed energies to an envelope function model.

The relative intensity of the transitions can also be used
as confirmation that our assignment is reasonable, as
described later. We concentrate on the unlifted sam-
ple No. 1, since this sample yielded a spectrum with

liftednarrower, more clearly resolved peaks than t..e i te
samples. Initially, a finite square-well potential is as-
sumed, and the material parameters used are shown in
Table I. Nonparabolicity of the electron efIective mass
was ignored because of the shallow well being stud-
ied. The unstrained In~Gai ~As band gap is taken as
EGaA, —1.5387z + 0.475z (Ref. 27), where the GaAs
band gap EG A, is determined by adding a bulk exci-
ton energy to the observed excitonic peak. The QW
exciton binding energy is taken as 6.5 meV (Ref. 8),2
and is assumed to be the same for all the transitions.
This assumption is discussed later. The band ofI'set ra-
t' Q is allowed to vary in fitting the observed tran-
sitions. Figure 2 shows the calculated energies ~re a-
tive to el-hhl) as a function of Q, . The observed, al-
lowed (Am = 0, +2, . . .) transitions are shown as vertical
lines, and dashed lines correspond to electron —to—light-
hole transitions. The e1-hh2 transition is also shown
since it is quite strong in this spectrum even though it is
forbidden. The In fraction is chosen at each value of Q,
such that the calculated position of the e1-hhl transition
matches correctly to the observed value. The range of z
is 4.9—5.1 %.

Clearly, Q, = 0.57 provides an excellent fit to the
observed transition energies, with all the peaks fitted
to within 0.5 meV, except for the highest energy peak
e2 hh4. The total QW depth AEz is found to be
59.6+0.5 meV. It should be noted that for Q, above 0.5,
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TABLE I. Various parameters used in the calculation of the QW energy levels. 'They are taken
from Ref. 27, except the GaAs deformation potentials (indicated by t), which are from Ref. 5.

G aAs
In As

a (eV)
—8.5t
—5.9

b (eV)
—1 .92t
—1 .8

(10 dyn/cm )
11.88
8.33

(10 dyn/cm )
5.38
4.53

0.0665
0.023

~hh

0.34
0.34

I'1h

0.094
0.032

the fourth heavy- hole level is not bounded in the well, so
the discrepancy in the fit here may arise from the sim-

p le model used to calculate this resonance level ~ The
allowed transitions can be seen to be the strongest in
intensity, with the forbidden transitions generally being
quite we ak . An exception, as mentioned previously, is the
e 1-hh2 transition. The unexpected strength of this tran-
sition is probably due to its being coincident in energy
with the e 1-hh 1 continuum. The observation of forbid-
den transitions in the spectra of this sample indicates
that the QW potential is not symmetrical. This may be
due to In fluctuations or grad at ions in the well, or to the
presence of an electric fiel d across the well . The effect
of this uncertainty in the exact potential profile is dis-
cussed later . It is obvious from Fig. 2 that the correct
identifi cat ion of light- and heavy-hole p eaks is essential
if one is to attempt a fit of this kind. For example, if the
e 2-hh2 and e 1-lh 1 peaks were confused, a satisfactory fit
could be obtained with Q, 0.4.

We consider now the uncertainties in the calculation
of the band ofFset looking first at the electron —to—heavy-
hole transitions . First, as mentioned above, there is some
uncertainty as to the potential profile of the QW. The
above calculation assumes a finite square potential for
which the forbidden transitions will have zero overlap

0.80

0.70

0.60

0.50

an d hence not be observed . The relative intensity of the
forbidden transitions are small compared to the allowed
t ransitions, however, so the square-well ap p roximat ion
will be quite good . The model used to calculate the
well energy levels itsel f contains several approximations
which introduce inaccuracy into the calculated levels,
and there are uncertainties in the values of the input
parameters . Most important of these are the effective
masses and well width, but the deformation potentials
and the In fraction must also be known. In this study,
the well width has been accur ately determined, and the
appropriate effective masses are known to good accuracy,
since these are well known for GaAs (Ref. 27) and our
In fraction is small ~ Nevertheless, taking into account
all the possible error sources mentioned here, the uncer-
tainty in the theoretical energies is as much as a few me V
for the higher-lying levels. The experimental accuracy in
determi ning the exci ton positions is very goa d, the rela-
tive energy positions being known to +0 .2 meV; however
the band ofFset ratio is not found to high accuracy just
using the heavy-hole transitions. The uncertainty in Q,
is about +0.1.

Yet another approximation made above is the assump-
tion that the exciton binding energies of all the tran-

sitionss

are equal ~ The observation of all the possible
transitions between the two electron an d the four heavy-
hole levels allows this to be checked . For example, under
this assumption, the energy difference between the ob-
served p ositions of the e2-hh 1 and the e 1-hh 1 transitions,
Eeg-hh]. Ee].-hh]. y

should be the same as Ee2-hhg Eei-hh2 y

being equal to A E&2, the intersubb and energy difference
between the first and second electron levels in the quan-
tum well . We find values, however, of 2 1 .0 an d 20 .2 meV,
respectively. This discrepancy may be due to band-
mixing effects, but it can be adequ ately explained simply
by allowing for a difFerent exciton binding energy for the
different transitions . In terms of this explanation, we can
write

0.30
1 0 20 30 40
Energy relative to el —hh1 (meV)

50

X2i + Xii —2 1 .0 mev

(4)

2 hh2
—E,& hh2

——4E&2
—Xgg + Xy2 ——20.2 meV

FIG. 2. The calculated and experimental energies (rela-
tive to el-hhl) of various QW transitions as a function of the
conduction-band onset ratio q . The observed transitrons are
shown as vertical lines, the dashed vertical lines correspond-
ing to transitions that have been shown to be light hole in
origin (Fig. 1). The dashed curves correspond to calculated
energies of electron —to—light-hole transitions.

where X„ is the exciton binding energy of the nth elec-
tron to mth heavy-hole exciton . Hence,

(+11 + ~22) (+12 + X21)
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One expects X„„,to reduce as n or m increases, since
the respective wave functions spread out and so the exci-
ton potential energy decreases. This energy goes as the
inverse square of the eRective radius of the electron-hole
pair, which implies, qualitatively, that the left-hand side
of Eq. (6) will be positive. Comparing this result with
calculations of the exciton binding energy for various
electron —to—heavy-hale transitions in GaAs /A1 Gai As
QW's, good qualitative agreement is again found. Thus
variation in the exciton binding energy appears to ac-
count for the observed eA'ect, although this question is
under further investigation. Lack of a quantitative ex-
planation for this eKect contributes a further significant
uncertainty to the above estimate of Q, .

The electron —to—light-hole transitions, especially the
el-lhl transition, allow a much more accurate estimate
of the band oA'set to be made. As shown in Fig. 3, the
In Gai ~As potential will form either a well (type I) or a
barrier (type II) for the light holes, depending on the rel-
ative magnitude of the (heavy-hole) valence-band offset
AE„and the strain-induced splitting of the light-hole and
heavy-hole bands S~h hh. Similarly to Eq. (3), this split-
ting depends on the uniaxial deformation potential, the
elastic constants of the well layer, and the strain in the
layer. The latter is determined by the x fraction of the
well, assuming coherent epitaxial growth. Uncertainty in
the value of this strain is dominated generally by uncer-
tainty in this z fraction, and in the value of the deforma-
tion potential b. Recent measurements determine 6 to be
—1.92+0.04 eV for GaAs, very close to the value for InAs
(see Table I). The splitting S~h hh is thus determined
for this sample to be 25.5+0.5 meV. The energy of the
lowest heavy-hole level, Ehhq, is almost independent of
the valence-band depth, and has the value 2.2+0.1 meV.
The observed energy diA'erence between the e1-hhl and
the el-lhl transitions is 23.3+0.2 meV, which leads to
a band alignment in which the light-hole band is com-
pletely Oat —borderline between type-I and type-II be-
havior. This situation corresponds to AE„= 25.5 meV,
and Q, = 0.57. We now consider the uncertainties asso-
ciated with this value. To the small uncertainties quoted
above, one must add a further error to account for the dif-

8 C a D b F

x24

8 a

Ba

ference in the el-hhl and el-lh1 exciton binding energies.
The light-hole binding energy should be somewhat larger
than that for the heavy-hole transitions, due to the larger
reduced mass of the light-hole exciton, but the large
spatial extent of the light-hole wave function will reduce
this energy, making the actual value dificult to predict.
We expect the el-lh1 binding energy to lie somewhere
between about 4.2 meV —a bulk GaAs exciton binding
energy —and 7.5 meV. The latter value is based on the
observation that the light-hole exciton binding energy is

1 meV larger than the heavy-hole one in a wide () 50
A) GaAs/Al Gay As QW. ~ This range in the exciton
binding energy leads to a range in AE, spanning from
23 meV (light holes are type II, barrier 2.5 meV) to
28 meV (light lioles are type I, well —2.5 meV). Q, lies
in the range 0.52—0.62.

As a further test on the band oA'set thus determined,
four samples grown under identical conditions but with
diA'erent well widths were studied using PL and PLE. The
PLE spectra are shown in Fig. 4. All samples showed

G A III,GaI, A G A

l
oooooooooooo +hh1

t

aAs In, Gal As gags
Aa

Sjh }1}1

AE,
fE

oooooooooooooooooooo
t

lhl

oooooooooooo
t

hh1

AE„~
111-1111

1.46 1.48 1.50
Energy (eV)

TYPE I TYPE II

FIG. 3. Altern ati ve valence-band alignments for an
In Gai As/GaAs QW. DE is the heavy-hole valence-band
offset, S&h-h& is the strain-induced light-hole —heavy-hole band
splitting, and Ehi, i (E~hi) is the energy of the first heavy-hole
(light-hole} level. The type of band alignment depends on the
relative magnitude of DE and Sih qh.

FIG. 4. 9-K PLE spectra of five different
Ino OsGao ssAs/GaAs QW's. The wells widths, from the up-

permost spectrum down, are 184, 164, 143, 102, and 72 A,
respectively. The vertical lines mark the calculated position
of various transitions, assuming a conduction-band offset ratio
Q, of 0.57. The letters above these lines identify the transi-
tions, as follows: A, el-hh2; B, el-hh3; C, e2-hhl; D, e2-hh2;
E, e2-hh3; I'", e2-hh4; a, el-lhl; b, e2-lhl.
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a small (( 1 mev) Stokes shift between the PL and
PLE peak positions. The samples are all fitted with a
conduction-band offset ratio of Q, = 0.57, and the well
width was taken as the target thickness from the sam-
ple growth, d, multiplied by the ratio 184j180, since the
well targeted to be 180 A. had a well width of 184 A. .
The z fraction was allowed to vary slightly (from 4.9%
to 5.2%) between samples. The exciton binding energy
was taken as 6.5 meV for all the transitions. Agreement
of the model fit to the observed data is very good, with all
the light-hole peaks being fitted to within 1 meV, and
heavy-hole transitions being accurate to within 3 meV,
in agreement with the magnitude of the uncertainty in
our simple model. Of course, for these samples, we have
not independently identified the electron —to—heavy-hole
and light-hole transitions, but the small width differ-
ence between samples allows the movement of the var-
ious peaks to be tracked, since they have been clearly
identified in the first sample.

Previously we reported a band offset ratio of Q, =
0.36+0.12 for an Inp p4Gap gsAs/GaAs QW. This result
was based on what appears to be an incorrect assignment
of the observed transitions. In obtaining the present re-
sult, we have unambiguously determined all the electron-
to—heavy-hole and electron —to—light-hole transition ener-
gies in a number of Q%V's of well-known thicknesses, and
have thus accurately determined the band offset as Q,

0.57+0.05. Several groups have suggested»
that Q, may be z dependent for this system, while

others 'i find a constant ratio. There is perhaps
general agreement that a conduction-band offset ratio
of 0.6—0.7 is appropriate for In compositions above
about 10%, however reported values at lower z fractions
vary from 0.4 (Ref. 2'2) to 0.83 (Ref. 17). Therefore, the
question of whether the band offset ratio is constant or
varying is really just a question of what the ratio is at
low x fraction. The results of this study suggest a value
intermediate between these two extremes.

In conclusion, a method for applying small strains to
QW layers by chemically releasing them from their as-
grown substrates and bonding them to different sub-
strates has been demonstrated. The samples were stud-
ied using low-temperature PLE spectroscopy, and both
allowed and forbidden transitions were observed. The
use of chemically released samples provides a straight-
forward method of unambiguously identifying the light-
and heavy-hole-related transitions in the PLE spectra,
and allows the layer thicknesses to be easily found. The
band offset ratio is determined from these measurements
to be 0.57+0.05 for these Inp psGap g5As jGaAs QW's.
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