
PHYSICAL REVIE%' B VOLUME 42, NUMBER 17 15 DECEMBER 1990-I

Optical studies of the piezoelectric effect in (111)-oriented

CdTelCdt — Zn Te strained quantum wells

R. Andre, C. Deshayes, J. Cibert, Le Si Dang, and S. Tatarenko
Laboratoire de Spectrornetrie Physique, Universite J. Fourier, Boite Postale Ão. 87,

38402 Saint Martin d'Heres, France

K. Saminadayar
Departement de Recherche Fondamentale, Service de Physique, Physique des Semieonducteurs,

Centre d'Etudes Nucleaires, Boite Postale 85X, 38041 Grenoble CEDEX, France
(Received 10 September 1990)

We report on the optical properties of (111)-oriented CdTe/Cd~- Zn„Te single quantum wells
grown by molecular-beam epitaxy on (001) GaAs substrates. Several quantum wells with
different widths were coherently grown on a single, thick Cd[-„Zn, Te buffer layer, which induces
the same in-plane strains =1% in all quantum wells. A strong redshift of the exciton transition
is observed. It increases linearly with the well width at a rate of 2.5 meV/A, so that exciton tran-
sitions occur at energies below the gap of bulk CdTe for wider wells. This linear redshift can
only be explained by the existence of a dominant piezoelectric field across the strained quantum
wells.

Recently it was pointed out that strained heterostruc-
tures made from zinc-blende-type semiconductors grown
along the [111] axis and the [001] axis should exhibit
different behaviors due to the piezoelectric effect. This
effect, which vanishes for (001)-strained heterostructures,
can generate in II-VI or III-V materials internal electric
fields reaching 10s Vcm ' for strains of about 1%, and
thus modifies the electronic structure and optical proper-
ties of (111)-strained heterostructures. Moreover large
optical nonlinearities are predicted to occur through the
modulation of these internal electric fields by photogen-
erated free carriers, and important shifts of the band edge
should be induced by external applied stress or electrical
bias, which are of considerable interest for applications.
The experimental evidence of piezoelectric fields has
been reported for a (111)-oriented Gai „In„As/GaAs
strained-layer superlattice (SLS), which exhibited a red-
shift of the intrinsic transitions when compared to an
equivalent (001)-oriented SLS grown simultaneously.
Shortly afterwards a direct demonstration of the
piezoelectric field was obtained by growing a (111)-
oriented Gal „In„As/GaAs quantum well (QW) in the
intrinsic region of a pin diode. 3 Then a blueshift was ob-
served for the QW band edge in photoconductivity mea-
surements under appropriate electrical bias. This shows
that there exists an electric field across the strained QW
without any external bias. Evidence of piezoelectric fields
has been reported also for II-VI semiconductors: optical
studies of type-II CdS/CdSe SLS's with the Wurtzite
structure showed a strong dependence of emission ener-
gies and linewidths on the SLS periods, which was satis-
factorily interpreted assuming piezoelectric fields as large
as 10 Vcm

In this Rapid Communication we report on the optical
properties of (111)-oriented CdTe/Cd~ -„Zn„Te strained
QW's. The CdTe/ZnTe heterostructure is characterized
by a large lattice mismatch =6% and a small valence-
band offset (less than 10% of the gap difference),

which makes this system particularly sensitive to the
piezoelectric effect. To reduce the number of fitting pa-
rameters, the same strain state is imposed to the QW's by
coherently growing several QW's with different widths on
the same Cd~-„Zn„Te buffer layer. The QW exciton
transitions are clearly identified in photoreflectance mea-
surements. They present a strong redshift which increases
linearly with the well width at a rate of 2.5 meV/A: exci-
ton transitions are actually observed below the gap of bulk
CdTe for widths larger than about 40 k This linear shift
can only be explained by the existence of a piezoelectric
field across the strained QW's, whose effects dominate
over the carrier confinement effects.

Samples were grown by molecular-beam epitaxy on
semi-insulating GaAs(001) substrates with a small miscut
(usually 4' towards [110])to avoid the formation of twins
in the (111)layers. The (111)growth was initiated by a
thin = 1000 A layer of CdTe followed by a 2-pm-thick
Cd~, Zn Te buffer layer, with x =0.16. Since the
buffer thickness greatly exceeds the critical thickness, it is
virtually strain free, with only residual strains = 5 x 10
induced by the difference in thermal expansion between
the substrate and the layer. When a misoriented sub-
strate is used, no oscillations are observed in reflection
high-energy electron diffraction as expected if growth pro-
ceeds through step propagation. This precludes a direct
measurement of the growth rates, and hence of the QW
widths, so that one has to rely on calibrations on thick lay-
ers. To minimize the problem of estimating the growth
rate, several QW's with different widths were grown on
the same buffer layer, the successive QW's being separat-
ed by 500-A-thick barriers with the same alloy composi-
tion as the buffer: then the relative widths of these QW's
are accurately known from the different growth times,
with the growth rate being the same for all QW's. Anoth-
er important advantage of this type of structure is to im-
pose the same strain state in all QW's providing the
growth is coherent. Although the critical thickness for
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FIG. l. Optical measurements at T=1.8 K obtained on sam-

ple No. 3 which contains four QW's with thicknesses of 4, 8, 12,
and 17 monolayers. (a) Photoluminescence excited at 1.746 eV
with about 30 Wcm ', (b) photoreflectance spectrum.

(111)CdTe/Cd~ „Zn„Te has not been completely deter-
mined yet, an estimate can be obtained by a comparative
study of the photoluminescence (PL) intensity. Indeed a
drop of the PL intensity by 2 orders-of-magnitude was ob-
served for relaxed (001) CdTe/Cd~ —,Zn, Te QW's. '

The same evolution was observed here for (111) QW's,
and the critical thickness estimated to be about 30 mono-
layers (1 ML= 3.74 A along [111] in unstrained CdTe)
for (111)CdTe/Cdos4Zno ~sTe. Therefore as long as the
QW width is kept lower than 30 ML, the lattice spacing
within the growth plane is constant throughout the struc-
ture, and equal to the lattice parameter of the relaxed
buffer layer. Thus strains in the QW are determined by
the lattice mismatch ba/a = 1% between the Cd~ -,-

Zn„Te buffer layer and the CdTe well. These strains
largely exceed thermal strains which will be neglected in

the following.
Optical experiments were performed at 1.8 K. Photo-

luminescence was excited by either an Ar+ laser or a
Styryl-8 dye laser focused typically to 1-10 W/cm . An
iodine lamp was used for photoreflectance, in combination
with the Ar+ or dye laser.

Figure 1 shows optical spectra for sample No. 3, which
contains four single QW's with nominal thicknesses of 4,
8, 12, and 17 ML. The PL spectrum [Fig. 1(a)] presents
four lines attributed to the four QW's. Note that PL of
12- and 17-ML QW's occurs at lower energies than the
exciton gap of bulk CdTe. For the two narrowest wells (4
and 8 ML), the PL line shape is quite similar to what is
observed on equivalent (001)-oriented QW's: an intense
free exciton line with a full width at half intensity of about
2 meV and a broader extrinsic line 4 meV lower in energy.
The absence of clear exciton lines for broader QW's is
consistent with the existence of an internal electric field
which tends to separate electrons from holes. Indeed in

photoreflectance exciton transitions are only observed for
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FIG. 2. Dependence of the exciton transition on the QW
width (expressed in number of monolayers). Comparison of ex-
periment (open circles and triangles) and calculations with

piezoelectric fields F 0, 1, 2, and 3&&10' Vcm ' (solid lines).
Inset shows the model QW used in the calculations.

the three narrowest QW's as shown in Fig. 1(b), suggest-
ing again a reduced oscillator strength for excitons in the
broadest QW. Finally, the exciton transition detected at
= 1680 meV is due to the barrier-buffer layer.

The dependence of exciton transitions on QW widths is
shown in Fig. 2 for three samples with similar Cd~
Zn„Te barrier composition (x=0.16+ 0.01). Horizon-
tal bars represent errors in estimating the well widths.
For the broadest QW's (= 17 ML), we have plotted posi-
tions of extrinsic lines instead of free exciton lines which
could not be detected in photoreflectance. The strong red-
shift with increasing well width is almost linear with a
slope of 2.5 meV/A.

We have used the envelope function approximation" to
calculate the optical gaps of the QW's. The zero-strain
valence-band offset is varied from 0% to 10/0 of the gap
difl'erence, which is the upper limit commonly accepted
for CdTe/ZnTe. The sign of the zero-strain offset is
such that, in the ground state, electrons and holes are in
the CdTe and ZnTe layers, respectively. The band struc-
ture of CdTe is modified by mismatch strains whose
effects can be expressed in terms gf the compliance con-
stants s;~, and the deformation potentials a„a, , and d.
Taking values from Ref. 12, one obtains a well barrier
V0=80+ 6 rneV for electrons and 10~ 6 meV for heavy
holes (confined in CdTe). Strains also induce an electric
field through the piezoelectric effect. ' This electric field F
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exists only in the well since the barrier is practically strain
free, and the resulting potential is shown in the inset of
Fig. 2. To solve the Schrodinger equation, a linear com-
bination of the Airy functions Ai and Bi was used for the
wave function inside the well, ' and decaying exponentials
for the wave functions in the barriers. Usual continuity
conditions at the two interfaces lead to the following im-

plicit equation for the energy E of bound states:

[(aVo+ x )m 2/m i] 'i'Ai(x ) —Ai'(x —)

[(aVtt+x —)m2/m i] ' Bi(x —) —Bi'(x —)

[(aVti+x+)m2/mi] ' Ai(x+)+Ai'(xy)
[(avti+x+)m2/nt i] 'i'Bi(xp)+Bi'(x+) '

where a (2m2/6 q F )'i, x+ = —it(~qFL, /2+E),
mi and m2 are the effective masses in the barrier and in
the well, respectively, Vo the well barrier, L the well
width, q the electron charge, F the electric field across the
well, and Ai' and Bi' the Airy derivative functions. We
take effective mass values from Neumann, Nothe, and
Lipari. ' Effective masses in Cdi —„Zn„Te are linearly
scaled from those of CdTe and Zn Te.

Unlike the case of a symmetrical well, bound states may
not exist if the piezoelectric field F is too strong. For
F=3&10 Vcm ' and a valence-band offset equal to
zero, there is no bound state for the electron neither for
the hole. Decreasing the field to =2x10 Vcm ' will

introduce a bound state which tends rapidly to that of a
triangular well for well widths larger than about 10 ML.
The hole bound state (when it exists) is almost in reso-
nance with the barrier band edge so that the hole is main-

ly localized in the vicinity of the well by the electron
Coulomb potential. Since the binding energy of these ex-
citons is not known at present, a value of 10 meV corre-
sponding to bulk CdTe was taken as a first approximation.
The solid curves in Fig. 2 represent the calculated exciton
transitions for a zero-strain valence band offset equal to
zero and for F 0-3 x 10 V cm '. Changing the
valence-band offset to 10% of the gap difference will only
shift the calculated curves by less than 10 meV.

For electric fields larger than about 2x10 Vcm ', the
calculated curves are almost straight lines with slopes

equal to the electric fields. This linear dependence of exci-
ton transitions on well widths is the result of a dominant
piezoelectric field. This is indeed the case for the data
presented in Fig. 2, from which one deduces a piezoelec-
tric field F=2.5x10 Vcm

For zinc-blende materials grown along the [111]axis,
the piezoelectric field is also directed along the [111]axis
and given by

2', 4 ba &44

ep f a s44+ 4 (s i i +2s i i )

where ei4 is the piezoelectric coefficient, e and eo are the
low-frequency dielectric constant of CdTe (=9.8) and
the permittivity of free space, respectively. Taking ei4

0.035 C/m, ' ' 8a/a =10, and elastic constant
values from Ref. 12, one deduces F=0.9x10 Vcm
The factor of 2.5 between this value and that determined
from the fit in Fig. 2 is well beyond our experimental un-
certainties. In fact a slightly smaller coefficient was ob-
tained for less strained QW's which were grown on a
buffer layer with a smaller Zn content (x=0.05). This
strongly suggests nonlinear piezoelectric effects and sys-
tematic studies of QW's grown on different buffers are in

progress to elucidate this point.
One may also question the validity of the flat band

configuration we used for the barrier. For narrow wells
embedded between thick barriers and highly compensated
materials, as is the case here, the potential drop is taken
up by charge transfer only over distances long with
respect to the well width, and the flat band configuration
is a good approximation for the barriers.

In conclusion, we have presented an optical study of
(111)-oriented CdTe/Cdi —„Zn„Te QW's. A strong red-
shift of the exciton transition is observed, which increases
linearly with the well width. This linear dependence is the
result of a dominant piezoelectric field F=2.5 & 10s
Vcm ' in QW's strained by about 10 . Our data also
suggest nonlinear piezoelectric effects.
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