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Properties of thin strained layers of GaAs grown on InP
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Single strained layers of GaAs grown on InP have been studied by a variety of optical experiments.
Raman spectroscopy shows the strain-shifted LO" phonon, thus proving that the layers are strained.
The photoluminescence is strong, allowing photoluminescence excitation spectroscopy to be performed
in a diamond-anvil cell. The absorption is found to increase slowly close to the threshold. A theory of
absorption in type-II quantum wells is used in order to compare with experiment. Photoconductivity
and modulated-reAectance experiments have been carried out on the samples and indications of the pres-

ence of heavy-hole states are seen. The strain Hamiltonian of the valence band has been transformed
into a 6 X 6 matrix, which is parametrized by the strain-tensor elements, allowing easy calculation of the
strain shift of the band edges even in unusual strain situations. The experimental results are consistent
with a marginally type-II structure in which the holes are confined to the GaAs layer but the electrons
reside in the InP layers.

I. INTRODUCTION

With the development of modern growth techniques
such as metal-organic vapor phase epitaxy' (MOVPE)
and molecular-beam epitaxy, it has become possible to
grow perfect epitaxial structures containing semiconduc-
tor layers with unequal lattice constants. Such structures
then contain layers with elastically strained crystal lat-
tices. This strain will affect the band structure of the ma-
terial, allowing the fabrication of materials in which the
band gap and the lattice constant are independently vari-
able, although within limits. The abi1ity to fabricate
such "strained" epitaxial layers thus offers extra flexibili-
ty in materials science. If the strained layer is very thin
( &200 A) a quantum well will be formed and quantum
size effects will be seen. The quantum well may be type I,
which is the best known case, in which a well is formed
for both electrons and holes. In some cases a type-II
quantum well will form in which the strained layer forms
a well for one of the charge carriers and a barrier for the
other type of charge carrier. The absorption and recom-
bination cross sections in a type-II quantum well are be-
lieved to be much reduced in comparison with a type-I
quantum well, although we will argue that the absorp-
tion is higher than is usually believed for thin type-II
quantum wells, where the electron-hole overlap might be
large. Recombination of charge carriers occurs across
the interfaces of the layer and is strongly affected by im-
purities at the interface. An interesting system is
Ga In& „As strained to InP which can exhibit both
type-II and type-I behavior, where Ga In, As strained
to InP is type I for x (0.8 but is a type-II system for
x &0.8 as established by Gershoni et al. However no
detailed optical study was done in Ref. 8.

In this paper we first describe the growth, by reduced
pressure MOVPE, of thin strained layers of GaAs in be-
tween InP. In Sec. III we present a summary of deforma-
tion potential theory and give the general strain Hamil-

tonian in a matrix form. In Sec. IV we describe the ex-
periments (photoluminescence, photoluminescence exci-
tation spectroscopy, photoconductivity, electroreflect-
ance, and Raman spectroscopy, some of which have been
performed under hydrostatic pressure), and compare
them with theoretical predictions. Finally in Sec. V we
give some conclusions.

II. GROWTH AND EXPERIMENT

Double heterostructures of InP/GaAs/InP were grown
by MOVPE on (001)-oriented, Sn-doped InP substrates,
at a pressure of 50 mbar. The horizontal reactor cell had
a rectangular cross section. The growth system was
designed for rapid gas switching having a compact ven-
trun manifold with a pressure balance of better than 0.1

mbar. A growth temperature of 600'C was used. As
starting compounds, trimethyl gallium (TMGa),
trimethyl indium (TMIn), phosphine (PH3), and arsine
(AsH3) were used with Pd-purified hydrogen as the car-
rier gas. The total flow rate was about 5860 crn /min.

During the heat-up state PH3 was used to protect the
substrate surface. Upon reaching the growth tempera-
ture, we started with the deposition of about 2.5 pm InP
as a buffer layer, fo11owed by a thin GaAs layer, and final-

ly a cladding layer of about 250 A of InP. The transition
between barrier and quantum well was performed by a 2-
s growth interrupt: switching off the TMIn at the begin-
ning of this step, switching off the PH3 and on the AsH3
one second later, and finally switching on TMGa after
one more second to start the growth of the quantum well.
The inverse procedure was used upon the completion of
the quantum well. Two samples were grown, having es-
timated GaAs thicknesses of 18 A and 28 A. The actual
thicknesses are not known with certainty since no
transmission electron microscopy has been performed on
the samples. Low-temperature spectrally resolved catho-
doluminescence showed that the samples were totally
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strained and that no misfit dislocations of the 60 type
were present at the interfaces. Calculations of the criti-
cal thickness, according to the theory of Matthews and
Blakeslee' give a value of about 30 A, assuming that
misfit dislocations of the 60' type are formed at both in-
terfaces. This calculated critical thickness is in agree-
ment with our cathodoluminescence results. Gershoni
et al. found a critical thickness of about 16 A, which is
the critical thickness obtained if one assumes that the
misfit dislocations are formed at only one interface. The
experimental difference might be due to the different
growth techniques used (gas-source molecular beam epi-
taxy in Ref. 8 versus metal-organic vapor phase epitaxy
in our case). In particular, the growth rate must be so
high that the strained layer does not have enough time to
relax before the capping layer has started to form in or-
der to obtain a higher value for the critical thickness.

For the photoluminescence and Raman measurements
the 5145-A (for PL) or the 4880-A (for Raman) line from
Ar+ were used with a typical excitation power of 20 mW.
A sapphire:Ti tunable laser, stabilized to give a constant
laser power, was used for the PLE measurements. The
emission was focused on the entrance slit of a double
monochromator and detected with a photomultiplier. A
CCD camera cooled with liquid nitrogen was used to
detect Raman scattered light, with a typical integration
time of 5 min. The samples were polished to a thickness
of about 30 pm, broken into small pieces, and loaded into
a diamond-anvil cell, Merril-Bassett type, using Ar as the
pressure transmitting medium, in order to do the hydro-
static pressure measurements. For the electro-optical ex-

0
periments a thin (75 A) transparent layer of Au was eva-
porated of the surface of the crystal to make a Schottky
contact and Sn, Au, and Cr were alloyed to the back of
the crystal to make an Ohmic contact. A halogen lamp
and the monochromator were used for the reflectance
measurements with a germanium diode to detect the
reflected light.

III. DEFORMATION-POTENTIAL THEORY

H2= —a2(e„„+e +e„)L o

—3hz[(L„o„——,'L o )e„„+c.p. ]

—&3d 2 [(L„o. +L o „)e„+c.p. ] . (3)

Here L and cr are the angular-momentum operator and
the Pauli spin matrix, respectively. The parameters a&,
a2, b&, b2 d& and d2, are the experimentally determined
deformation potentials. The strain-tensor components
are present as the parameters e;J. The strain Hamiltonian

Hz, for the I conduction band has the eigenvalue"

C, (e„,+e +e„) . (4)

The strain Hamiltonian for the X conduction band H&
has the following eigenvalues in our strain situation
[growth on the (001) surface]:"

E,(e„„+e~~ +e„)+—,'E2(e„—e„„), (Sa)

(Sb)

where C, , E„and E2 are deformation potentials, and the
growth axis is taken along the z direction. The eigenval-
ue given by Eq. (5a) is for the X valley along the growth
direction, while the eigenvalue given by Eq. (Sb) is for the
X valley perpendicular to the growth direction. In order
to find the energy levels under strain, i.e., given a particu-
lar set of e;, it is necessary to find the eigenvalues of the
relevant conduction-hand Hamiltonians Hz and Hx and
then the eigenvalues of the valence-band Hamiltonian
H, +H2 ~ Since there is an increasing interest in growing
strained layers on unusual crystal planes we will give the
full valence-hand Hamiltonian in a matrix form
parametrized by the deformation potentials and the
strain-tensor elements for future reference. We first
transform the valence-band Hamiltonian H, +H2 to a
Hamiltonian matrix, which we call M. Defining
Tre =e +e „+e„and E&=2e„—e „—e, we get

The built-in strain in thin layers of semiconductors
grown pseudomorphically on substrates with a different
lattice constant shifts the energy positions of the valence-
and conduction-band edges. The shift of the band edges
can be calculated via linear deformation-potential theory
for small values of the strain, such as those occuring in
this work. The strain Hamiltonian for the valence band
can be written as"

H=Hl+H2,

2.5
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where H& contains the orbital strain terms and can thus
be written as

H& = —a, (e „+e +e„)—3b, [(L —
—,'L )e„„+c.p. ]

—&3d, [(L L. +L L )e„+c.p. ]

and H2 contains the strain-dependent spin-orbit terms, as
follows:

FIG. 1. A potential energy diagram of strained GaAs grown
on InP. The GaAs layer is denoted by A and the InP layers by
B. The light- and heavy-hole band edges of the GaAs layer are
indicated. The spin-orbit split-off band is represented by the
dashed line in the valence band. The transition energies are in-

dicated by vertical arrows (I for the heavy hole and II for the
light hole) assuming a GaAs layer width of 28 A.
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TABLE I. Constants for GaAs used in the calculation of the potential energy diagram shown in Fig.
1. The values are taken from the Landolt-Bornstein tables (Ref. 14) unless noted. These revised values

are used in order to fit published hydrostatic pressure measurements.

S)~ C&+a&+a2 C&+a& —2a2 bl b2 E)+al+a2 E2

1.163 Mbar ' —0.370 Mbar ' —8.5 eV' —8.5 eV —1.7 eV 0 eV 1.06 eV' 8.6 eV'

'From Ref. 15.
This value is not known to the authors and was set equal to C&+a, +a2. This implies that the spin-

orbit splitting is independent of hydrostatic pressure.
'From Ref. 16.

X1 0

0 X1

X' O' X* 0*4 1 5 2

01 —X4 —02 Xq

X4 01 X2 0

01 —X4 0 X2

X5 —02 X6 03

02 X5 03 —X6

X* 0'
6 3

03 —X6

X3 0

X3

(6)

where we are using the basis functions
~

—'„—', ), ~

—', , ——', ),
~

—'„—,' ), g, —
—,
' ), ~

—,', —,
' ), and

~
—,', —

—,
' ), which also label

the rows and the columns of the matrix in this order,
starting from the top left corner. The first quantum num-
ber is the total angular momentum J and the second is
the projection J, along the z direction. A superscript as-
terisk indicates complex conjugation. The matrix ele-
ments are'

X, = —(a, +a&)Tre —
—,'(b, +2b2)Ee,

Xz = —(a, +a2)Tre+ ,'(b, +2bz)—Ee,

X~ = —(a, —2a2)Tre —b,o,
X~= —(d, +2d2)(ie~, +e,„),
Xs = (&2/2)(d )

—d2 )(ie, +e„),
X6 = —(&2/2)(b, b2)Ee, —

b1
0, =&3 +bz ( —e„„+e )

—i(d, +2dz)e ~,2

02=&3/2(b& b2)(e„„—e~~ )+—i&2(d, —d2)e„~

O~ = —V3/2(d, —d2)(ie, +e„,) .

Here Ao is the spin-orbit splitting in the valence band and
i is the iInaginary unit. By using the eigenvalues given in
Eq. (4) or (5) (with the unstrained band gap added) and
the eigenvalues of the matrix M defined in Eq. (6) one ob-
tains the relevant energy levels. It is necessary that the
deformation potentials are known (or can be educatedly
guessed), which is not always the case. If only the sum

C&+a&+a2, (or E&+ &+a2) ias experimentally known,
which is often the case, the same energy levels will be ob-
tained if C& is replaced by C, +a, +a& in Eq. (4) [or E,
with E&+a, +a2 in Eqs. (5a) and (5b)], followed by a di-
agonalization of the matrix M, however with the terms

involving a, and a2 removed. This implies that a2=0,
which is usually a good approximation. Note that the
above treatment is quite general and can easily be applied
to growth on unusual crystal planes as well as to applied
uniaxial strain and hydrostatic pressure, as long as the
strain-tensor elements are known. ' Great care should be
taken when using experimentally obtained values of the
deformation potentials d, and d2, since there are two
conventions in the definitions of the off-diagonal strain-
tensor elements differing by a factor of 2. '

The finite strain-tensor elements for a strained layer
grown on the (001) surface are

S12
e =2 e, e eye

12 11

where S» and S,2 are the elastic compliances and f is the
misfit, which is defined as f=(a~,„„—a,„~„„.„)/a„„„,
where a; are the unstrained lattice constants. For a ma-
terial grown in tension such as GaAs grown on InP,
e„&0.

Using the constants given in Table I we have per-
formed a calculation of the energy structure of GaAs
strained to InP at atmospheric pressure using the theory
developed above. The unstrained valence-band offset was
chosen to be 0.38 eV in order to fit the data given in Ref.
8. A potential diagram of the result is shown in Fig. 1.
A marginally type-II structure is found. The potential
step in the conduction band is very small, about 130
meV, which must be remembered when interpreting some
of the experiments. This conduction-band step is a sensi-
tive function of the parameters, especially the valence-
band offset. The lowest state in the strained valence
band, ignoring quantum size effects, is the hght-hole band
with the heavy-hole state being about 310 meV higher in
energy (for holes). The X band in the strained GaAs lay-
er is strongly split with an energy difference of about 630
meV between the X, and the X states (with X„which
has a wave vector parallel to the growth direction, being
lowest in energy). Wang and Stringfellow found that
InP/GaAs/InP should be marginally type I. ' The
difference is easily explained by the sensitivity of the re-
sult to the choice of the unstrained valence-band offset.
Wang and Stringfellow used data where the unstrained
valence-band offset is a function of hydrostatic pressure.
Recent data, however, show that the valence-band offset
is not a function of hydrostatic pressure. ' '



45 PROPERTIES OF THIN STRAINED LAYERS OF GaAs GROWN. . . 3631

IV. EXPERIMENTAL RESULTS

A. Photoluminescence and photoluminescence excitation
spectroscopy

Figure 2 shows the low-temperature photolumines-
cence (PL) spectra of the two samples, having GaAs
thicknesses of 18 A and 28 A, and an insert of the energy
structure along with the recombination path. It can be
seen that the emission consists of several peaks and that
there is a quantum size effect. The emission is concluded
not to be due to deep levels in the InP barrier. A simple
effective mass calculation ' has been performed to cal-
culate the energy levels and gives transition energies of
1.08 and 1.19 eV. A light-hole mass of 0.07mo was used.
The agreement with experiment is satisfactory. We will,
in the rest of this section and in Sec. V, provide argu-
ments that the emission we observe is indeed close to the
band-to-band transition energy.

In order to determine the nature of the peaks we per-
formed PL at different spots on the wafer. If the different
peaks are due to monolayer fluctuations within the layer,
their intensity, but not their position, should be a strong
function of the spatial position on the wafer, as has been
established from studies of Ga-In-As quantum wells in
InP grown in the same machine under similar growth
conditions. ' There are no strong intensity variations of
the peaks across the wafer in the sample with the 18-A
GaAs we11, but a rather small shift of the position of the
peaks. Intensity measurements, shown in Fig. 3, show
that the low-energy peak in the 18-A sample have a sub-
linear dependence on the excitation power density. This
is also true for the high-energy peak. This implies that
we are most likely not seeing exciton recombination in
these type-II quantum wells, but rather PL from interface
defects (however where one of the charge carriers, most
likely the hole, is experiencing quantum size effects). It is
of considerable interest to know how close in energy the
observed emission is to the emission energy expected
from a cross interface recombination as indicated in Fig.
2. We have performed photoluminescence excitation
(PLE) spectroscopy on the samples, while monitoring the
layer emission. PLE is closely related to absorption and
should be a more appropriate tool than PL to determine
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the energy of a band-to-band transition. This experiment
had to be performed in a diamond-anvil cell, opening up
the energy gap to a suitable value for our tunable laser.
Detailed hydrostatic pressure experiments on this materi-
al system have been published elsewhere. ' ' The spec-
tra are displayed in Figs. 4, 5, and 6. It was impossible to
cover the whole energy range between the emission and
the InP band gap in the thicker sample in one measure-
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FIG. 3. The photoluminescence spectrum of the 18-A sample
at different excitation powers.
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FIG. 2. The photoluminescence spectra of strained GaAs
grown on InP. The upper curve is the spectrum of the sample

0
with the 18-A GaAs well and the lower curve is the spectrum of
the sample with the 28-A GaAs well.
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FIG. 4. The photoluminescence excitation spectra of the 18-
A sample at a pressure of 44 kbar, along with the photolumines-
cence spectrum.
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the penetration of the electron wave function into the lay-
er. We will use a refinement of Bastard's theory in the
next section, where this is taken into account.

B. Photoconductivity and electrore8ectance
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FIG. 5 ~ The photoluminescence excitation spectra of the 28-
A sample close to the emission, along with the photolumines-
cence spectrum. The spectra were taken at a pressure of 50
kbar.

ment. Close to the emission energy there is an increase in
the signal which soon levels off, which is clearly seen in
the 18-A sample; see Fig. 4. There is some structure at
an energy of about 100 meV higher than the emission en-
ergy in this sample. At higher energy there is a strong in-
crease in the signal at the InP band gap for both samples.
Detection at different emission energies gives almost the
same excitation spectra. The small differences that are
seen are most likely due to insufficient stabilization of the
laser. We conclude that the high-energy PL emission is
close in energy to that expected from a band-to-band
transition.

Bastard has calculated the absorption in a type-II
quantum well and predicts an increase, proportional to
(E Eo) ~ in th—e absorption close to the threshold Eo.
At higher energies the absorption becomes constant. The
electrons in the surrounding material, InP in our case, do
not penetrate the layer barrier in this calculation, i.e., the
GaAs barrier for electrons is assumed to be infinitely
high. In our case where the barrier for electron is quite
low we believe that it is necessary to take into account

Figure 7 shows the PL, photoconductivity (PC), and
electrore6ectance (ER) spectra of the 28-A sample while
Fig. 8 shows the same type of spectra for the 18-A sam-
ple. These experiments have been performed at atmos-
pheric pressure. The PC spectra are similar to the PLE
spectra, cf. Fig. 4, and show that the PL emission is close
to the energy expected from a band-to-band transition
also at atmospheric pressure. Close to the threshold
there is an increase in the signal which soon levels off,
this being especially clear in the 28-A sample. The 28-A
sample shows very clearly the thermalization to the inter-
face states that have an emission energy which is about
10 meV lower than the onset of the PC signal. There are
indications of excited states around 1.3 eV in both sam-
ples as seen in both PC and ER, and this is similar to
what was seen in PLE. Calculations using the effective
mass theory give transition energies of 1.08 eV for the
light hole and 1.22 eV for the heavy hole in the 28-A
sample. For the 18-A sample the corresponding energies
are 1.19 eV for the light hole and 1.25 eV for the heavy
hole. There are no further bound-hole states, according
to this theory. It is predicted from theory that peaks in
absorption and electroreflectance overestimate transition
energies. It is also seen in PLE and PC spectra that the
onset of absorption is gentle. We attribute the peaks
around 1.3 eV, in both samples, to transitions between
the heavy hole in the valence band of the strained layer
and the conduction-band minimum in InP.
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FIG. 6. The photoluminescence excitation spectra of the 28-
A sample close to the InP emission, with the detection energy
indicated by arrows, along with the photoluminescence spec-
trum. These spectra were taken at a pressure of 23.5 kbar.

FIG. 7. The photoluminescence (PL), photoconductivity
(PC), and the electroreAectance (ER) spectra of the 28-A sam-
ple.
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We have calculated the absorption in a type-II quan-
tum well using a simple model, which is aimed at some
qualitative understanding. If we denote the GaAs layer
with A and the InP layers with B, see Fig. 1, it is possible
to solve the Schrodinger equation in regions A and B, as
is done in the envelope-function approximation, where
constant potentials are used in each region. Due to the
ow barrier for electrons we account for the penetration

of the electron wave function into the barrier. Following
Bastard, the absorption is given as the square of the over-
ap o the electron and hole wave functions, integrated

over the allowed transitions. Figure 9(a) shows the result
ot for this model and for Bastard's model using a well

width of 28 A and different barrier heights for the elec-
trons. The curve with a barrier height of 140 meV corre-
sponds to the sample with a GaAs thickness f 28 A.
There is initially an increase in the absorption which soon

crease is slower for a well with a higher barrier. The ab-
sorption is stronger in our model than in Bastard's mod-
el. This is reasonable, since the electron-hole overlap is
very strong when the electron energy is above the barrier
an t e electron wave function fully penetrates the
strained layer. It is clear from the PLE and PC ex eri-
ments that exa, experimentally, the absorption increase is fas-

e an experi-

ter, and the plateau is more pronounced than theory pre-
icts, given our estimated barrier height of 140 meV. We

involvin electro
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FIG. 9. The calcalculated absorption spectra. (a) Th ff
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wi t is displayed. The barrier height is 140 meV.
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could not do this comparison. However with the as-
sumption that the electric field will only shift the absorp-
tion in energy we have done a calculation, for the 28-A
sample, which reproduces the gross features of the ER
spectrum, close to the absorption edge. These calcula-
tions show agreement between experiment, show in Fig.
7, and theory with regard to line-width and position of
the ER spectrum. The theoretical lineshape did not
agree with experiment, unless we calculated the interfer-
ence using a top InP layer of 350 A instead of the actual
thickness of 250 A. It can be seen from Figs. 7 and 8 that
the ER signal occurs at a higher energy than the PL
emission, in contrast to the situation in a type-I quantum
well.

C. Raman spectroscopy

Raman spectroscopy gives information on the phonons
in strained layers as well as on the crystal quality. Al-
though a substantial amount of work has been done on
superlattices, there has not been much work done on sin-
gle strained layers. This is probably due to the low light
1evels available, which however can be efficiently over-
come by the use of a cooled CCD camera. Figure 10
shows the Raman spectra of the two samples and two
reference samples (InP and GaAs). The spectra were tak-
en in the backscattering configuration from the (001) face
of the crystals at room temperature. The polarization of
the incident light was parallel to the [100] direction while
the polarization of the scattered light was parallel to the
[010] direction. The LO phonon from InP is a prom-
inent feature, as expected in this scattering geometry.
Scattering from the TO" phonon is forbidden and can
only be seen through crystal imperfections. We see
only weak TO" scattering with a Raman shift of about

ACO +11 +12
e„„+ (eyy+ezz )

Ct) p

(10)

The frequency shift of the phonon is given by Aco and the
unstrained frequency by cop. The deformation potentials
K» = —2 and K,2= —2.7 are known from Raman stud-
ies of GaAs under uniaxial stress. The strain-tensor
elements are designated e,~, eyy and e„. The calculated
position of the strain-shifted LO phonon replicas, singlet
and doublet, are indicated by arrows in Fig. 6 and the
shift of the singlet is found to agree within 10' of the ex-
perimental value. We thus conclude that the GaAs layers
are strained.

300 cm ' indicating an excellent quality of the samples.
In the two-phonon region with a Raman shift of about
260 cm ' there is an extra peak in the strained-layer
samples with a Raman shift of about 268 cm '. This
peak is strongest in the 28-A sample but can be seen as a
shoulder in the 18-A sample. We attribute this peak to a
strain-shifted LO phonon in the GaAs layer. This was
confirmed by using a scattering geometry where both the
incident light and the scattered light were polarized
parallel to [010]. In this case a strong reduction of the
LO peaks was seen including the strain-shifted LO"
mode. A Raman spectrum of GaAs is included in the
figure for comparison. The LO" phonon splits, in
strained layers, into a singlet with vibration along the
[001] direction, perpendicular to the crystal surface and a
doublet with vibration parallel to the (001) surface.
Only LO phonons with a k vector perpendicular to the
(001) surface can be seen in backscattering, i.e., the sing-
let. For this phonon we get a strain shift of '

ACO +11 +12e„+ (e„+ey ),
cop 2 2

while for the doublet

GaAs LO
(sing let)

GaAs LO
(doublet)

InP LO

V. SUMMARY AND DISCUSSION

GaAs LO
(unstrained)

~~
th

I
~~

(a)

(b)

260
I I

280 300
I I

320 340 360

(c)

Ranan shift (cm ~)

FIG. 10. The Raman spectra of the strained layers. Included
are two reference spectra from InP and GaAs. Curve (a ) is the
spectrum of InP for reference. Curve (,b ) is the spectrum of the

0
~

0
28-A sample, while curve (c) is the spectrum from the 18-A
sample. The top curve is the spectrum from GaAs.

We have investigated strained layers of GaAs in InP
grown by reduced pressure MOVPE, having excellent op-
tical quality. The possibility to grow highly strained sys-
tems of binary-compound semiconductors is of great im-
portance, since alloys may be simulated by short-period
binary-compound superlattices, thus alleviating the prob-
lems of alloy composition and homogeneity. The photo-
luminescence from this system is stronger than the InP
band-gap emission, allowing photoluminescence excita-
tion spectroscopy to be performed on the samples in a
diamond-anvil cell. By using Raman spectroscopy we
have seen the strain-shifted LO" phonon of GaAs thus
proving that the samples were strained. The strain shift
of the LO phonon agrees well with theory. This type of
structure is believed to be a type-II quantum well from
polarized photocurrent spectroscopy, although theoreti-
cal calculations show that it is only marginally type II,
using established values for deformation potentials and
the valence-band o6'set. Small changes in these values
will easily produce a type-I quantum well (theoretically).
It is actually very hard to prove that a structure is type II
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instead of a type-I structure in which there is a very small
confinement for one of the charge carriers (electrons in
this case). Using the envelope-function approximation to
calculate the energies of the photoluminescence peaks
gives good agreement with experiments for our samples.
Absorption in a type-II quantum well is qualitatively
different from absorption in a type-I quantum well and
could be a tool to establish whether a sample is type II or
type I. We have performed photoluminescence excitation
spectroscopy and photocurrent spectroscopy on our sam-
ples. Although these experiments are not directly
measuring absorption they should give some information
about the transition probabilities as a function of energy.
A theory of absorption in type-II structures was used to
compare with the experiments. The theory predicts a
quite high absorption and a gentle increase in the absorp-
tion close to the threshold followed by a region of almost
constant absorption. This agrees qualitatively with our
experiments. The difference might easily be due to effects
neglected in the theory, such as warping of the bands and
excitons. By changing the valence-band offset and calcu-
lating the absorption in a structure which is in between
type II and type I, with no potential step for the elec-
trons, we find that the absorption has a similar shape to
the lineshape in a type-II quantum well. It is thus
diScult to draw definite conclusions from absorption
measurements. It is believed that the photoluminescence
in a type-II quantum well is very sensitive to an electric

field in contrast to the type-I case. But this is not true if
one of the charge carriers is weakly bound in the type-I
well, where a pronounced sensitivity to electric fields
should be presented. In addition if the photolumines-
cence from the type-II quantum well is due to interface
defects there might be a reduction in the sensitivity to
electric fields. We have measured the photoluminescence
under electric fields but the results were not conclusive.
Only some of the peaks quenched rapidly.
Electroreflectance was also performed on the samples.
The electroreflectance spectra were quite broad and situ-
ated at a higher energy than the photoluminescence
peaks, in contrast to the situation in strong1y type-I quan-
tum wells. A qualitative agreement with theory based on
a Kramers-Kronig transform was found.

Our experiments support the conclusion of Gershoni
et al. that GaAs strained to Inp is type II.
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