
PHYSICAL REVIE% B VOLUME 50, NUMBER 23 15 DECEMBER 1994-I

Lateral piezoelectric Selds in strained semiconductor heterostructures

Matthias Ilg and Ioaus H. Ploog
Paul Dr-ude In-stitut fur Festkorperelektronik, Hausvogteiplatz 5-7, D 101-17Berlin, Germany

Achim Trampert
Max Pla-nck Ins-titut fur Festkorperforschung, Heisenbergstrasse 1, D 705-69 Stuttgart, Germany

(Received 8 July 1994)

Lateral piezoelectric Selds exist in almost aH strained III-V semiconductor quantum wells. %e first

discuss the origin of the lateral fields and point out their most important features. Then the controlled

creation of lateral piezofields is demonstrated using a series of (110) InAs/GaAs quantum-wire struc-

tures. After verification of the structural perfection by high-resolution x-ray diffraction and transmis-

sion electron microscopy an optical study unambiguously demonstrates the existence of lateral fields. By
increasing the excitation density in photoluminescence experiments we observe pronounced blueshifts of
the luminescence lines simultaneously with a clear reduction of the linewidths. Additional evidence

comes from time-resolved measurements where a strong dependence of the radiative lifetime on energy is

observed. These results are supported by a study of strained structures with other orientations. In (211),
{311),and (210) samples we find evidence of lateral piezofields created by interface fluctuations. Our re-

sults show that the impact of lateral piezoelectric Selds has to be taken into account in any fundamental

analysis of strained III-V semiconductor heterostructures. Furthermore, lateral piezoelectric fields

represent a different concept to achieve artificial materials with strong optical nonlinearities.

I. INTRODUCE ilON

A strong piezoelectric polarization exists in strained
III-V heterostructures with non-[100] orientation. ' This
polarization normally splits up in a component in growth
direction and a component parallel to the interfaces. In
ideal quantum wells, without any lateral features, only
the vertical component creates polarization charges and
hence electric fields. Research activities up to now have
focused exclusively on these vertical electric fields.

The inactivity of the polarization component parallel
to the interfaces, however, can be lifted by a lateral
structuring of the quantum well. The parallel polariza-
tion component then also generates piezoelectric charges
and it introduces lateral piezoelectric fields. The magni-
tude of these lateral fields and their impact on the poten-
tial profile of the heterostructure can be significantly
larger than that of vertical fields. Furthermore, lateral
fields are normally created by a much smaller total
amount of piezoelectric charge and, therefore, can be
screened more easily. As a result, lateral piezoelectric
fields have an extremely strong impact on the optical
properties of strained III-V heterostructures and open up
an avenue to large nonlinear-optical effects. Therefore,
lateral fields are of highest interest for device applica-
tions. And they have a crucial impact on fundamental
studies, since real heterostructures always exhibit inter-
face fluctuations and hence lateral fields are almost al-
ways present in strained III-V heterostructures. It is
therefore mandatory for any study of the optical and
electronic properties of such structures to take into ac-
count the in6uence of lateral piezoelectric fields.

This paper is organized as follows. %e start with a
theoretical section in which we describe the concept of

lateral piezoelectric fields and summarize the differences
between lateral and vertical fields. Since lateral field
efFects are strongest in [110] oriented samples, we first
focus on the experimental investigation of InAs
quantum-wire structures in a (110) GaAs matrix. A de-
tailed structural analysis of our set of (110}samples and
(100) reference samples by high-resolution double-crystal
x-ray diffraction (HRDXD) and transmission electron
microscopy (TEM} reveals high structural perfection.
Using different spectroscopic methods, we unambiguous-
ly demonstrate the presence of lateral piezofields and
their strong impact on the optical properties of these
samples. These results are then supported by a spectro-
scopic investigation of strained structures with various
other non-[100] orientations.

II. THEORETICAL CONSIDERATIONS

In piezoelectric compounds with a zinc-blende struc-
ture a relation exists between the off-diagonal elements of
strain tensor ejk and the vector P,. of the piezoelectric po-
larization via the piezoelectric constant e,4."

I',- —2e &4ejk

As illustrated in Fig. l, the strained layer of material B
on a high-symmetry (100}substrate of material A exhibits
neither a piezoelectric polarization nor any electric fields.
In the (111)structure, the polarization is perpendicular to
the interface. It thus creates polarization charges and an
electric field. We subsequently refer to this situation as
"vertical field case. '* In an ideal (110) sample the polar-
ization is parallel to the interfaces and hence no electric
field exists. For a general (hkl) orientation the polariza-
tion has components parallel and perpendicular to the in-
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terfaces. Therefore, in general, we always have piezoelec-
tric charges and 6elds as mell as a lateral component of
the polarization.

Figure 2 illustrates the quantitative aspects of Eq. (1)
using the example of a strained InAs layer in an un-
strained GaAs matrix. In Fig. 2(a), the magnitude of the
polarization vector is shown for all substrate orientations
between [001] and [110].' It is important for the work
presented here that the magnitude of the polarization
vector remains virtually constant for the orientations be-
tween [111]and [110]. In the InAs/GaAs system under
discussion the polarization charge density created at the
interfaces in a (111)structure is about 3 X 10"cm 2. Go-
ing from the [111] to the [110] directions, this charge
density drops to zero because the polarization vector
gradually rotates into the plane of the interfaces. There-
fore, we get a clear maximum of the electric-6eld strength
for the [111] direction [see Fig. 2(b)] with a value of
4X 10 V/cm. This work, however, is concerned with the
lateral component of the polarization vector, which is
plotted in Fig. 2(c). It exhibits maxima for the (110) case
as well as for an orientation between [211]and [311].

%e now turn to the central observation of this work.
In the ideal (110) quantum well depicted in Fig. 3(a), the
lateral component of the polarization does not pierce any
interfaces. It, consequently, cannot create any piezoelec-
tric charges nor piezoelectric 6elds. However, the situa-
tion changes dramatically when we look at the boundary
conditions introduced to the electrostatic problem by a
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real quantum well as shown in Fig. 3(b). Due to interface
roughness, the lateral polarization component has the
possibility to penetrate the interfaces. Piezoelectric
charges are created and piezoelectric fields introduced.
Figure 3(c) fina]ly illustrates the possibility of engineered
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FIG. 1. Polarization, electrical charges, and fields in a
strained 8 layer on an A substrate for (a) [100], (b) [111],and (c)
[110]orientation. (d} Shows the general case of a {hkl} hetero-
structure.

FIG. 2. Magnitude of the piezoelectric polarization vector
(a), the piezoelectric field (b), and the lateral polarization com-
ponent (c) in a pseudomorphically strained InAs layer on GaAs
substrates of various orientations. The values for the strain ten-

sor elements have been calculated according to de Caro and

Tapfer {Ref. 13) and Smith and Mailhiot (Ref. 2) with and

without shear strain efFects, respectively.
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lateral piezoelectric fields by the growth of strained struc-
tures on vicinal surfaces.

All experimentally accessible structures are rea} quan-
tum wells. They, therefore, always exhibit lateral
features in the form of interface roughness. Also a lateral
polarization component is always present in any strained
III-V or II-VI heterostructure unless the growth direc-
tion coincides with the exceptional [100] and [111]direc-
tions. Therefore, lateral piezoelectric fields are a universal
feature of strained III-V semiconductor heterostructures.
Their presence has to be taken into account in any funda
mental analysis of the electronic and opticai properties of
such structures.

What are the speci5c properties of lateral piezoelectric
[lelds and what are the di[ferences between lateral and
vertical [[elds? These questions can be answered best by
discussing a representative example which exhibits all the

characteristic features of lateral piezoelectric fields. The
key points of the comparison between lateral and vertical
electric fields carried out below are summarized in Table
I. As a model system, we select an array of strained
Inc 5Gav &As quantum wires on (110)GaAs with the wires
running in the [110]direction. The piezoelectric polar-
ization in the strained (In,Ga)As wires points in the [001]
direction and therefore creates charges on the wire edges.
We select the lateral quantum-wire width m and the
period A of the array to be 200 A& the thickness of the
wires in growth direction d is 4 A. The wires are as-
sumed to form a staircaselike array as can be expected on
a vicinal surface. The electrostatic potential of this
charge distribution can be approximated by the expres-
sion for an infinite array of line charges with alternating
sign. Therefore, the following term' has to be superim-
posed with the quantum-wire potential:

n=+ce
ln(r„+)—ln(r„).

27''gq
„

(2)

r„+and r„represent the positions of positive and nega-
tive charges at the nth wire. The line-charge density A, of
the piezocharges is the product of polarization charge
density and the wire thickness d. Figure 4 shows the po-
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FIG. 3. Impact of a latera1 polarization on different
quantum-well geometries illustrated for the case of a [110]
oriented, strained heterostructure with the polarization vector P
pointing in the [001] direction. In an ideal heterostructure {a),
we have no interface fluctuations and, therefore, P cannot
create any interface charges. In a real heterostructure (b), how-
ever, interface fluctuations always exist and, therefore, surface
charges are introduced. Since for strained heterostructures with
general orientation P is expected to have a lateral component
(Ref. 2); lateral piezofields are a universa1 phenomenon in
strained semiconductor heterostructures made from III-V and
II-VI semiconductors. (c) finally demonstrates the controlled
introduction of interface charges by the use of vicinal surfaces.

FIG. 4. Potential surface of a [01 1] cross section through a
(110) Inosoao&As quantum-wire structure with and without
lateral piezoelectric fields. The wire width is 200 A and the
thickness 4 A. The potential term 4~; was multiplied by a
factor of 5 for illustrative purposes.
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TABLE I. Comparison of vertical and lateral piezoelectric fields. The numbers given are for the (111)InAs/GaAs (vertical fields)
and (110)InAs/GaAs systems (lateral fields).

Feature

Type of charge distribution
Areal charge density

Spatial distribution of fields

Field strength

Potential drop between positive
and negative charges

Vertical fields

20: charge sheets
o=P,
3 X 10'
Spatially homogeneous within one
constituent: plate-capacitor case. Always
zero field in unstrained material

p
2

60&r

4 X 10 V/cm
Limited by critical thickness of
strained layer

Lateral fields

10: line charges
0&o. &P,
typically 10' —10" cm
Irregular, with logarithmic singularities.
Nonzero field strength in
unstrained material.

Unlimited

tential profile of the quantum-wire array with and
without piezoelectric field. With the field we get poten-
tial singularities around the wire edges. Lateral fields,
therefore, can have locally much larger field strengths
than vertical fields. The presence of piezocharges leads
to a bending of the bands inside the In05oa05As quan-
tum wires. We even observe changes of the potential out-
side the wires in the unstrained GaAs barrier. In con-
trast, vertical fields are nonzero only in strained parts of
the heterostructure.

The impact of the lateral fields on potential profile and
optical matrix elements can be made arbitrarily large by
an appropriate choice of quantum-wire width w and
period A. For vertical fields, however, the critical thick-
ness of the strained layer determines the largest possible
separation of negative and positive charges and hence the
impact of the electric field.

The charges producing lateral piezoelectric fields are of
the line-charge type, ' whereas vertical fields are generat-
ed by charge sheets. In the case of lateral fields, we there-
fore have a one-dimensional (1D) and in the case of verti-
cal fields a two-dimensional (2D) charge distribution.
Therefore, the average areal charge density for lateral
fields (for quantum wires 0 =dP /A ) is, in general,
significantly smaller than for vertical fields. In our
theoretical example, we have an areal charge density of
only 7 X 10' cm whereas for a similar (111)structure,
this value is 3.5X10' cm

„
i.e., almost two orders of

magnitude larger. We point out that the total number of
states of InAs or In Ga& „Aswells with comparable
confinement energy is only of the order 10' cm . Con-
sequently, a full screening of the vertical field requires a
complete filling of the quantum we11 and hence extremely
high optical excitation densities. In contrast to that, the
screening of the lateral fields and with that the full exploi-
tation of the nonlinear possibilities can be achieved at
much smaller optical excitation densities. With a
di6'erent choice of the quantum-wire width and the
period of the wire array, we can easily obtain areal charge
densities even smaller than in our theoretical example.

To conclude the theoretical section, we emphasize that
lateral fields promise larger electric-field e8'ects than ver-
tical 6e1ds. Simultaneously they can be screened at

significantly smaller optical excitation densities. These
properties make lateral piezoelectric fields extremely in-
teresting and allow the creation of artificial materials
with highly nonlinear optical response.

III. EXPERIMENTAL RESULTS

A. Setup

We use solid-source molecular-beam epitaxy (MBE) to
synthesize our structures on (110), (110), (311), (211), and
(210) GaAs substrates. The (110) substrates have a 7'
misorientation towards the [111] direction. The non-
(100) substrates are soldered side by side with the (100)
reference structure on a Mo holder using In. The growth
process is monitored in situ by means of reflection high-
energy electron difFraction (RHEED). Before starting the
growth the native oxide of the GaAs surface is desorbed
at 580'C under impinging As4 flux. The GaAs and InAs
growth rates are 2 A/s and 0.2 A/s, respectively. High-
resolution double-crystal x-ray di6'raction is performed
with a double-crystal x-ray di8ractometer in Bragg
geometry. A rotating-anode 12-k% generator with a
copper target is employed as x-ray source, and an
asymmetrically cut (100) Ge crystal serves as monochro-
mator and collimator. The dN'raction patterns are
recorded in the vicinity of the symmetrical GaAs (400),
(311), (422), and (220) refiections. The TEM images are
obtained in a JEOL 4000FX electron microscope operat-
ing at 400 kV. For the PL experiments, the samples are
mounted in an optical flow-through cryostat at 6 K and
excited by the red line (647.6 nm) of a Kr+ laser. The
emitted light is focused on the entrance slit of a 1-m
single-grating monochromator and detected by a pho-
tomultiplier in the photon-counting mode. Time-
resolved PL experiments are carried out under pulsed ex-
citation with an Ar+-laser pumped Ti:sapphire laser.
The emission is dispersed by a 32-cID spectrometer, fol-
lowed by a Hamamatsu 2D streak camera with a time
resolution of 10 ps.

B. InAs quantum-wire structures on GaAs (110)

From the theoretical section, we know that lateral
piezoelectric fields are strongest for (110) heterostruc-
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FIG. 5. TEM micrograph of
the 3-A (110) sample realizing
the quantum-wire structure.
The lateral periodicity of 300 A
of the InAs quantum wires can
be seen clearly.

GaAs

tures. It is a fortunate coincidence that the [110] and
neighboring orientations exhibit a pronounced tendency
for step bunching during epitaxial growth and thus allow
in situ lateral patterning. ' ' As demonstrated by Fig.
5, the choice of (110) substrates with a 7' miscut towards
the [111]direction allows us to obtain an InAs quantum-
wire array with width and period of about 300 A. There-
fore, polarization charges are generated at the step edges.
We thus have qualitatively realized the theoretical exam-
ple discussed above and now have experimental access to
the phenomenon of lateral piezoelectric fields.

We report on a set of three typical samples with
different thicknesses of the InAs layer. The parameters
of the (110) and the corresponding (100) reference sam-
ples are given in Table II. First, we direct our attention
to the HRDXD spectra of the (110) samples together
with reference sample No. 3(100) displayed in Fig. 6. For
all (100) and (110) samples, we observe well-defined
Pendellosung fringes indicative of high structural quality.
The increase in In content from sample No. 1(110)to No.
3(110) results —as expected —in more pronounced and a
larger number of observable fringes. Finally, we even ob-
serve a clearer and better defined pattern for sample No.
3(110) than for No. 3(100). This observation clearly un-
derlines the structural perfection of our (110)samples.

In order to find the first fingerprints of the expected
strong internal electric fields, we show in Fig. 7 the pho-
toluminescence (PL) spectra of all investigated samples.

The spectra of the (100) samples exhibit an extremely
strong dependence on the excitation density whereas the
(100}spectra remain virtually independent of this param-
eter. Therefore two spectra at different excitation densi-
ties are shown for the (110}and only one spectrum for the
(100) samples. Due to the low In content of samples No.
1(100) and No. 1(110), the respective spectra are dom-
inated by the GaAs free-exciton emission at 1.515 eV and
a broad band originating in the n +-doped GaAs sub-
strate, respectively. In addition, we observe in both cases
C-related features at about 1.49 eV. For the samples with
higher In content the InAs-related emission is the dom-
inating feature. The energy and linewidth of all (100)
reference samples compare favorably with studies carried
out previously on such structures.

In which way do the internal fields manifest themselves
in the PL spectra? For all (110) samples, we see a clear
blueshift of the PL peak with increasing excitation densi-
ty. This blueshift ranges from a few meV in sample No.
1(110)—where no definite value can be given due to par-
tially superimposed substrate- and InAs-related peaks-
to striking 22 meV for sample No. 2(110). This observa-
tion contrasts with a shift of zero in the (100) reference
samples and can be understood by the presence of strong
internal electric fields in the (110)samples which at larger
excitation densities are screened out by photogenerated
carriers. ' Since lateral fields can act across larger dis-
tances than vertical fields, they create larger potential

TABLE II. Parameters of the investigated single quantum well (110) and (100) InAs/GaAs samples.
High- and low-excitation densities are 30%'/cm and 3 m%/cm for sample Nos. 2 and 3 {Ref.25).

Sample No. d InAS

EpL (eV)
Low I,„, High I,„, FWHM (meV)

Low I,„, High I,„,
1 (110)
1 (100)
2 (110)
2 (100)
3 (110)
3 (100)

1

1

2
2
3
3

1.498
1.504
1.457
1.484
1.423
1.450

1.504
1.479
1.484
1.438
1.450

3.2
25
4.1

26.3
8

3.2
13.7
4.1

15
8
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FIG. 8. Transient PL spectra of the 3-A (110) sample after
pulsed excitation at 1.55 eV. The spectra are taken at different
delay times after arrival of the pulse, as indicated in the figure.
The inset shows the time dependence of the emission spectrally
integrated over the low-energy {Epz &1.44 eV) and the high-

energy part of the PL line (Epy & 1.44 eV) in order to reveal the
energy dependence of the radiative lifetime.

part a biexponential decay with an initially much shorter
decay time of only 250 ps is observed. This difference in
decay time can be attributed to the distortion of the wave
functions by the internal electric fields. Therefore, the
electron-hole overlap for low-energy states is reduced
compared to the high-energy states for which the internal
fields are screened out. A decrease of the overlap, howev-
er, increases the radiative lifetime and results in the ob-
served variation of the lifetime with energy. The time-
resolved measurements give additional support to our
conclusions above. However, we emphasize that the ob-
servation of a prolonged low-energy lifetime is only a
necessary, but not a suScient condition for the existence
of lateral fields. Nevertheless, the combination of the two
spectroscopic methods is a clear demonstration of the ex-
istence and importance of lateral piezoelectric fields.

C. Strained structures with other non-(100) orientations

After the controlled introduction of lateral piezofields
in the last section, we now present examples where lateral
piezofields are the result of interface Auctuations. We
Srst turn to the PL spectra of a (210}In„Ga, „As/GaAs
sample shown in Fig. 9. For this growth direction the
polarization is oriented parallel to the interfaces along
the [001]axis Therefo. re, the corrugation present on this
surface' cannot create piezoeffects, since it is also orient-
ed along the [001] direction. The blueshift of 6 meV ob-
served in Fig. 9 therefore is exclusively caused by inter-
face iiuctuations. We emphasize that the (100) reference
structures do not exhibit this blueshift.

A second, very illustrative example is given by the
(311}InAs/GaAs system. For heterostructures with this
orientation the data of Fig. 2(c) predict a large value for

1.36 1.38 1.40 1.42
ENERGY (eV)

1.44 1.46

0

FIG. 9. Photoluminescence spectra of a 40-A (210)
Ino zGao SAs/GaAs quantum well. The blueshift of the lumines-

cence is due to lateral piezoelectric fields generated by interface
6uctuations.

the lateral component of the piezoelectric polarization.
We have the possibility to interrupt the growth of the
InAs film just after the transition of the 3D-growth
mode. As illustrated in Fig. 10, the film at this stage
has an agglomerated morphology and therefore exhibits a
pronounced lateral structure of the interfaces. During
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FIG. 10. Photoluminescence spectra of two (311)InAs/GaAs
heterostructures. Sample A contains a planar InAs film,
whereas in sample 8 a film with agglomerated morphology was
inserted by growth slightly beyond the critical thickness.
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period 1.2-ML (211) InAs/GaAs-superlattice structure on the
excitation density. For comparison the behavior of a {100}refer-
ence structure in the same range is also shown.

the overgrowth of the InAs layer with the GaAs cap, we
observe a quick recovery of the RHEED pattern. We,
therefore, end up with an InAs quantum well, which
shows an inhomogeneous distribution of In but neverthe-
less has an acceptable optical quality.

In Fig. 10, we compare sample 3 grown in this way

with a reference sample 8 of planar morphology. Sample
8 was prepared under identical conditions but the InAs
growth was interrupted just before the 2D-30 transition
started in order to preserve the planar morphology. As
expected the PL line of sample 8 shows only an
insignificant dependence on the excitation density. The
observed shift of 2 meV approximately corresponds to
the value expected theoretically in the presence of verti-
cal fields only. The behavior of sample 3 is very
difFerent, however. Although the In content was in-
creased only slightly in comparison to sample A, the
blueshift increases dramatically to 10 meV. This value
cannot be explained by the presence of vertical fields
only. It is, therefore, caused by lateral piezoelectric fields
introduced by a pronounced lateral structure of this InAs
film. Again, we do not see this efFect when carrying out
an equivalent experiment with (100) structures.

As a final example, we turn to a 1.2 ML (211)
InAs/GaAs sample. With this structure, we show that
lateral piezoelectric fields caused by interface Auctuations
can lead to a nonlinear dependence of the PI. intensity on
the optical excitation density. The luminescence line of
this sample shifts by about 3 meV when the excitation
density is varied between 0.1 W/cm and 1 kW/cm .
This value of the blueshift can be explained by the pres-
ence of vertical piezoelectric fields in conjunction with
the occurrence of In segregation during growth. Besides
the blueshift, however, this sample also shows a strongly
nonlinear dependence of the luminescence intensity on
the excitation density.

Figure 11 shows the luminescence intensity to be pro-
portional to I for small excitation densities while at
higher densities we have a transition to the standard
linear behavior. Calculations show that vertical fields
have only insignificant influence on the optical matrix ele-
ments in this ultrathin structure. The observed behavior,
therefore, cannot be explained by the presence of vertical
fields only. We also can exclude the inhuence of nonradi-
ative centers because the quality of the GaAs barriers was
optimized according to the procedure given in Ref. 21.
In addition, these nonlinearities cannot be observed in all
(211) samples. Therefore, a link has to exist with the in-

terface structure of the sample. Figure 12 shows a cross-
sectional high resolution electron micrograph of this
sample taken in the [011] direction. This micrograph
shows that this film was fragmented during the growth
process by slightly too high temperatures during the
Hash-oft'step. ' The resulting clusterlike film morphol-

ogy now acts as a source of lateral piezoelectric fields and
provides the explanation for the observed nonlinear
behavior.

IV. CONCLUSIONS

FIG. 12. Cross-sectional HREM picture (300X300 A) of a
I-ML (211) InAs film taken in the [01 1) direction.

We have theoretically introduced and experimentally
demonstrated the concept of lateral piezoelectric fields.
In the theoretical section, we pointed out that lateral
fields can be found in almost all strained III-V and II-VI
heterostructures. We emphasized their huge potential for
optical nonlinearities due to their easy screenability and
the decoupling of the field structure from the critical
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thickness of the strained layers. In the experimental part,
we first investigated a (110) InAs quantum-wire structure.
After a confirmation of the structural perfection of our
samples optical experiments produced strong evidence
for lateral piezoelectric fields. Evidence for lateral fields
was then also revealed in strained structures with orienta-
tions difFerent from [110]. The entirety of our experimen-
tal results not only unambiguously proves the existence of
lateral piezoelectric fields, it furthermore shows their im-
portance for the understanding of strained I!I-V and II-V
heterostructures. In addition, it represents an extremely

attractive concept for artificial materials with custom-
designed optical nonlinearities.
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