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Externally generated piezoelectric effect in semiconductor microstructures
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We report a study of the effects of large, external uniaxial stress (T) along [100] and [110] on the

optical properties of a strained layer (001) Inop~Ga079As/GaAs single quantum well. For Tll [110] we

have observed a redshift of several peaks and an increase in the intensities of several "symmetry-
forbidden" transitions; effects not seen for Tll [100]. This phenomenon is due to an electric field along
[001] induced by the piezoelectric coupling for Tll [110].

Recently there has been considerable interest in the
properties of strained layer quantum wells (QW's) and su-
perlattices (SL's), such as In„GaI — As/GaAs with a
[111]growth axis. ' Such structures have large internal
fields generated by the piezoelectric eAect. These internal
electric fields substantially change the electronic structure
and optical properties of (111) QW's and SL's and can
lead to large nonlinear optic and electro-optic eAects.
These fields cause a tilting of the energy bands and create
a redshift of the optical transition energies [quantum-
confined Stark effect (QCSE)l and changes in the oscilla-
tor strength. Goossen et aI. have reported a room-
temperature exciton blueshift with an applied voltage in a
(111) [no I Gao 9As/GaAs p i nmult-ip-le-quantum-well
modulator. Because of symmetry considerations such
strain-generated electric fields are not allowed in (001)
strained layer systems. '

In this paper we report a piezoelectric eA'ect generated
in a (001) strained In02IGa079As/GaAs single quantum
well (SQW) by an external stress (T) along [110]. We
have measured the effects of large Tll[110] (—18 kbar)
as well as Tll [100] (—8 kbar) on the optical properties of
the SQW. Using photorefiectance ' (PR) at 300 K, we
have studied the stress-induced changes in the energies
and intensities of a number of intersubband transitions.
For Tll [110] we have observed a redshift of a number of
peaks and a dramatic increase in the amplitudes of several
"symmetry-forbidden" "heavy-hole" features. This was
not seen for Tll[100]. We interpret this phenomenon as
being due to an electric field along [001] induced by the
piezoelectric coupling for T along the lower symmetry
[110] direction. In contrast to the piezoelectric fields in-
duced in (111)strained layer systems' the effect report-
ed in this paper can be (i) externally tuned in a contactless
manner and (ii) observed in lattice-matched microstruc-
ture systems such as (001) and (111)GaAs/GaI —„Al„As.

The SQW was fabricated by molecular-beam epitaxy in
a Varian Gen-II system. The sample consisted of a 0.5-
Ittm GaAs buffer on an undoped (001) substrate, the
Ino pIGao 79As SQW and a I-pm GaAs cap. All layers are
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FIG. 1. (a) Experimental photorefiectance spectra (solid
line) at 300 K for T =0. The dashed line is a least-squares fit to
a FDGL function. (b) Experimental photorefiectance spectra
(solid line) at 300 K for T =7.78 kbar along [100] for EJ T and

EIIT. The dashed lines are least-squares fits to a FDGL func-
tion.

undoped. The high quality of the interface of this sample
is indicated by the fact that at 10 K the linewidth of the
fundamental conduction to heavy-hole excitonic transition
is only 2 meV. This value is close to the theoretical limit
for alloy scattering and hence contains no contribution
from interfacial roughness. The PR apparatus has been
described in the literature. The pump beam was the
633-nm line of a 5-mW He-Ne laser chopped at 200 Hz.

Shown in Fig. 1(a) is the PR spectrum (solid line) of
the sample at 300 K for T =0. The dashed line is a least-
squares fit to a first-derivative Gaussian line-shape
(FDGL) function. The obtained energies are denoted
by arrows at the top of the figure. We have identified the
origins of these various features mnH(L) by compari-
son with an envelope-function calculation, including
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strain. ' The notation mnH(L) denotes a transition
from the mth conduction to the nth valence subband of
heavy- (H) or light- (L) hole (out-plane) character. The
best overall fit was obtained for an In composition of 21%
and a well width of 105 A. These values are also in
agreement with x-ray measurements. The lowest-lying
feature is the "symmetry-allowed" 11H transition. At
about 1.30 eV there is a structure which actually contains
two oscillators, i.e., 11L and 22H, both of which are sym-
metry allowed. The remaining features in the spectra are
due to symmetry-forbidden transitions such as 12H, 13H,
and 23H. Although 13H is symmetry forbidden it is "par-
ity allowed" because of the finite depth of the well. '' The
presence of 12H and 23H is probably due to a small
built-in electric field in the sample. The large feature
starting at around 1.38 eV corresponds to the direct gap of
the GaAs cap/substrate/buffer.

The solid lines in Fig. 1(b) are the PR spectra at 300 K
for a stress of 7.78 kbar along [100] for light with the
electric-field vector E polarized perpendicular (i ) and
parallel (II) to the external stress T. The dashed lines are
least-squares fits to the FDGL function. The obtained en-
ergies are indicated at the bottom of the figure.

A comparison of Figs. 1(a) and 1(b) shows that the en-
ergies of the heavy-hole transitions (11H, 12H, 13H), are
relatively insensitive to the external stress while 11L has
shifted to higher energies and is seen only for E~T. The
stress and polarization dependence of the various transi-
tions are similar to that observed for (001) GaAs/
Ga~ -„Al As multiple quantum wells for Tll [100]."

Displayed by the solid lines in Figs. 2-4 are the experi-
mental data for Tll [110]for 8.52, 15.8, and 17.6 kbar, re-
spectively, for EJ T and EIIT. The solid lines are least-
squares fits to the FDGL function. What is most
significant about these spectra is the large change in the
amplitude of the symmetry-forbidden 12H and 13H
features in relation to the symmetry-allowed 11H (and
11L) transition. This effect is not observed for Tll[100]
(see Fig. 1). For the highest stresses there is also a con-
siderable redshift of the heavy-hole peaks due to the
quantum-confined Stark effect' related to the piezoelec-
tric field. Those effects have not been observed in previous
piezo-optical experiments on quantum wells because of
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FIG. 3. Experimental photoreflectance spectra (solid lines) at
300 K for T= 15.8 kbar along [110] for EJ T and EIIT. The
dashed lines are least-squares fits to a FDGL function.
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the low stresses (—5 kbar) that were employed. " ' '
In Fig. 2 the polarization dependence of 11L is clearly evi-
dent. Another interesting aspect of Fig. 2 is that the
lowest-lying heavy-hole features have split into doublets
designated (11H, A ) and (12H, 8), respectively. A
similar effect has been observed in a (001)
GaAs/Ga~-, A[„As multiple-quantum-well structure for
Tll[100]. ' Although the exact origin of the A and 8
peaks is not known they might be due to excited states
(e.g. , 2s) of the 11H and 12H excitons or kWO transi-
tions. ' These peaks are under further investigation.

The stress-induced shifts in energy of the various
features for T II [100] are in good agreement with a
theoretical calculation of the effects of the external stress
on the electronic levels of the SQW implicitly including
the coupling with the spin-orbit-split band. ' However, a
similar analysis is not able to explain the result for
TII [110]"

We interpret the above stress-induced redshifts and
changes in the amplitudes of 11H, 12H, and 13H for
Tll[110] as being due to an external piezoelectric effect
along the [001] growth axis. For zinc-blende materials
the off-diagonal strains produce a polarization field given
by I, 17

P '

=2e]4e~g,
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FIG. 2. Experimental photoreflectance spectra (solid lines) at

300 K for T=7.60 kbar along [110] for EJ T and EIIT. The
dashed lines are least-squares fits to a FDGL function.
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FIG. 4. Experimental photorefleetance spectra (solid lines) at

300 K for T =17.6 kbar along [110] for EJ T and EIIT. The
dashed lines are least-squares fits to a FDGL function.
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where S44 is an elastic compliance constant. Thus there is
an electric field, E:, along [001],given by'

E =P,'/tee-p,

E =e
~ 4544-T/2 tcep,

(3a)

(3b)

where x. is the static dielectric constant and eo is the per-
mittivity of free space.

For Inp q~Gap 79As the quantities e ~4
= —1.36X 10

C/cm, 544 =1.81 X 10' dyn/cm, and K =13.38. Hence
for T=17.6 kbar there is an electric field of F., =1.85
x 10 V/cm along [001].

In order to confirm the above interpretation of the
effects for Tll [110]we have performed a theoretical calcu-
lation including not only the eA'ects of strain, similar to
Tll [100],but also the infiuence of the stress-generated E,
on the energy levels (QCSE) and intensities of 11H, 12H,
and 13H. ' The relaxation method'" was employed to
determine the QCSE and the overlap integrals (intensi-
ties) between the valence and conduction-subband wave
functions. The relation between T and E, was taken from
Eq. (3b). At zero stress the overlap integrals (intensities)
of the 11H, 12H, and 13H transitions are in the ratio
100:0:2. The nonzero amplitude of 13H is a consequence

where I'; is the induced electrical polarization, e]4 is the
piezoelectric constant, and e~j, is a symmetrized strain
component. However, diagonal strains (e.g. , e„„)do not
induce a polarization (i.e., e~~ =0) in these materials. '

For Tll [110]the strain e,,
= —,

' S44T and hence

I"= —,
' e,4S44T,

of the finite depth of the well. '' At about 8 kbar the in-
tensity of 11H has decreased, while 12H has increased so
that they are approximately equal. The amplitudes of the
three features are now in the ratio 40:40:15. As the stress
increases these intensities continue to change so that at
T=16 kbar the ratio is 10:20:20,while at T =18 kbar we
find 7:15:20,i.e., the 13H transition is most intense. This
general trend is in good agreement with the data of Figs.
2-4. Also the calculated QCSE was able to account for
the observed redshifts.

In conclusion, we have studied the inIIuence of large,
external Tll [100] and Tll [110] on the energies and
intensities of the quantum transitions in a (001)
Inp2~Gap79As/GaAs SQW. For the latter configuration
we have observed a significant redshift of 11H, 12H, and
13H as well as a dramatic increase in the intensities of
several symmetry-forbidden features, an eA'ect not seen
for the former stress direction. This phenomenon can be
explained in terms of the effects of an electric field gen-
erated along [001] due to the piezoelectric coupling for
Tll[110]. A theoretical calculation of the electric field
dependence of the energies (QCSE) and intensities of
11H, 12H, and 13H is in general agreement with the ex-
perimental results.
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