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Breakdown of Continuum Elasticity Theory in the Limit of Monatomic Films
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We demonstrate that the predictions of continuum elasticity theory fail in the ultimate limit of mono-

layer films. We directly measure the lattice distortion of ultrathin InAs layers in GaAs by high-

resolution electron microscopy. For InAs films of 3 monolayer thickness, the observed tetragonal distor-

tion agrees with the prediction of elasticity theory. For single InAs monolayers, however, the measured

strain is much higher than expected. The InAs unit cell in this case is strained such as to conserve the

bulk bond length at the interface

PACS numbers: 62.20.Dc, 61.16.Di, 68.35.6y

The progress in crystal growth techniques has made it
possible to synthesize artificial layered materials built up
of structurally and chemically dissimilar constituents.
The accurate control of the growth processes allows the
thickness of the individual layers to be scaled down to the
atomic regime. The successful synthesis of such struc-
tures led to the exciting opportunity to address a funda-
mental question of solid-state physics; namely, at which
scale the bulk properties of the constituent materials are
established and serve as an adequate description of the
heterostructure, and, on the other hand, at which scale
the properties of the structure are dominated by the local
atomic configuration of the interface [1-3]. Much effort
is hence currently devoted to the understanding of the
formation and atomic configuration of semiconductor
heterointerfaces [4-6].

In this Letter, we demonstrate a novel method to deter-
mine the atomic configuration at the interface between
crystalline materials. By analyzing high-resolution lattice
images of coherently strained InAs films in GaAs, we

directly measure the tetragonal distortion of the InAs
unit cell. The distortion of 3 monolayers (ML) InAs
agrees with continuum elasticity theory. In contrast, the
elasticity theory fails for 1 ML InAs, where the lattice
distortion is much larger than expected. In this case, the
distortion of the unit cell is consistent with the conserva-
tion of the bond length at the interface. Our study thus
demonstrates that the continuum case establishes rapidly,
but significant deviations occur in the ultimate limit of a
monatomic layer.

The investigated structures consist of single InAs films
buried in GaAs and are synthesized by solid-source
molecular-beam epitaxy on semi-insulating (100) GaAs
substrates. The nominal thicknesses of the InAs films are
either 1 or 3 ML. A novel growth procedure has been
developed to ensure the controlled buildup of both
InAs/GaAs and GaAs/InAs interfaces [7]. This tech-
nique allows us to synthesize atomically smooth InAs
films of well-defined thickness even in the monolayer
regime. For the high-resolution electron microscopy
(HREM) experiments, cross-sectional samples along the

(110) direction are prepared by conventional ion milling.

The specimen thickness is then between 10 and 20 nm, as
determined by image simulations. Lattice images are
taken in a GEOL 4000FX electron microscope operating
at 400 kV.

Qualitative information about the interface morpholo-

gy and the strain of the InAs film is obtained by double-

crystal x-ray diffraction. The experimental diffraction
patterns are analyzed by the dynamical x-ray diffraction
theory [7]. These experiments demonstrate the excep-
tional structural perfection of the InAs/GaAs heterointer-
faces created by the inserted InAs film. Measurements
around asymmetric reflections reveal the commensurate
state of the InAs/GaAs interfaces for an InAs layer
thickness below 3 ML, i.e., the InAs unit cell is biaxially
strained to fit the GaAs lattice parallel to the interface.
This in-plane strain in turn results in an elastic tetragonal
distortion e& of the InAs unit cell perpendicular to the in-

terface, the magnitude of which cannot, however, be
determined independently from these experiments. The
tetragonal distortion of the unit cell is thus usually as-
sumed to be given by continuum elasticity theory:
= —(2C~2/C~~)et, where e& and et denote the strain
components with respect to the unstrained cubic crystal
perpendicular and parallel to the interface, respectively,
and C;~ are components of the elastic stiA'ness tensor.

In principle, HREM is the ideal tool for measuring
both thickness and strain state of ultrathin films separate-
ly. However, several imaging artifacts in general compli-
cate the interpretation of contrast variations in high-
resolution lattice images. Long-range contrast changes at
interfaces are thus by no means a reliable probe of the
atomic configuration of the interface. The approach we
describe in the following is based on the direct measure-
ment of lattice distortions caused by the lattice mismatch
between the constituent materials. This technique is in-

herently free from imaging artifacts caused by thickness
and defocus fluctuations as well as by the spherical aber-
ration of the objective lens.

We first outline our technique by applying it to an irn-

age simulation. Figure 1 (a) shows the image simulation
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FIG. I. (a) Image simulation of a single InAs monolayer (ML) in GaAs with a tetragonal distortion of 7.26%. (b) Lattice image

after Fourier filtering. The bars indicate the plane containing In. (c) Vector representation of the shift in atom positions of the lat-

tice image shown in (b) with respect to the GaAs lattice (the rectangle surrounds the reference area used for generation of the GaAs

lattice). The magnitude of the vectors is amplified by a factor of 3. (d) Vector representation of the relative shift in position of each

plane with respect to its immediate neighbor. Numbers denote the relative magnitude of the displacement vectors in percent.

for l ML InAs, whose lattice constant parallel to the
plane equals that of GaAs. Perpendicular to the plane,
the InAs unit cell is assumed to be tetragonally distorted
by 7.26%, the value predicted by elasticity theory. This
lattice image is Fourier transformed and frequency
filtered by an aperture in reciprocal space, transmitting
spatial frequencies between 2 and 4.5 nm ' (I je values).
This frequency range includes the [I I I[ and (200] beams
and is therefore sufficient to resolve the distance between
the (100) planes in GaAs [8]. After Fourier filtering, the
lattice image is transferred back to real space. It is final-

ly processed by an algorithm which maximizes the local
contrast variations. In Fig. 1(b), the lattice image is de-

picted after Fourier filtering and contrast enhancement.
The image is now free from any background contrast
which may lead to misleading information of the atom

configuration at the interface.
In the next step, an ideal GaAs lattice is fitted to an

unperturbed portion of the experimental lattice image by

a recursive formalism, stopping when an accuracy of
l0 in both magnitude and direction of the basis vectors
is reached. This calculated lattice is now extrapolated
over the entire investigated lattice. The difference in po-

sition of the dumbbells in the calculated and the investi-

gated lattice is determined and represented by a two-

dimensional vector [9]. In Fig. 1(c), we show the result-

ing two-dimensional vector field obtained by analyzing

Fig. 1(b). This picture represents directly the absolute

shift of the (100) lattice planes in the simulated image

with respect to the one of the unperturbed GaAs lattice,
caused by the tetragonal distortion of the InAs unit cell.
The shift is determined to be 0.42~0.01 A [10], corre-

l340



P H YSICAL REVI EW LETTERSVOLUME 68, NUMBER 9 2 MARCH 1992

GaAs structures. The results shown in the following are
representative for samples containing InAs films of 3 and
I ML thickness. In Fig. 2(a), we show the Fourier-
filtered lattice image of the sample with an InAs layer
thickness of 3 ML. The relative shift of the (100) lattice
planes is shown in Fig. 2(b). The overall shift of the lat-
tice in [001] direction is determined to be 1.24 0.01 A.
This distortion is shared among four lattice planes [Fig.
2(b)], corresponding to an InAs film of 3 ML. The
overall strain is distributed in the lattice image according
to 20:40:30:10. Assuming a homogeneous distribution of
the strain over each of the 3 ML [12], the strain per ML
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(b) Vector representation of the relative shift in position of each
ML with respect to its immediate neighbor. The magnitude of
the vectors is amplified by a factor of 5. Numbers give the rela-
tive magnitude of the displacement vectors in percent. The
cross section is oriented along [I IO] instead of along [I IO], re-
sulting in the inversion of the length ratio of the two displace-
ment vectors at the interface with respect to the image simula-
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F'fG. 2. (a) Fourier-filtered experimental lattice image of 3
ML InAs in GaAs. Bars indicate planes containing In. (b)
Vector representation of the relative shift in position of each
ML with respect to its immediate neighbor. The magnitude of
the vectors is amplified by a factor of 5. Numbers give the rela-
tive magnitude of the displacement vectors in percent.

1341

sponding to a strain of e~ = (7.29+ 0.3)%%uo, which is in ex-
cellent agreement with the input value of 7.26%.

For a direct identification of the InAs ML, we calcu-
late the relative shift of each lattice plane in the [001]
direction with respect to its immediate neighbor. The re-
sulting vector field is shown in Fig. 1(d). It is important
to note that one strained ML leads to the observation of
t~o displacement vectors in the lattice image, represent-
ing the two strained In-As bonds connecting the (100) In
lattice plane with each of the sandwiching (100) As lat-
tice planes. Under our experimental conditions, the
whole tetragonal distortion e~ is then shared among two
lattice planes with a ratio of about 35:65 [11].

Next, we apply the above presented technique to exper-
imental lattice images obtained from fabricated InAs/
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is determined to be (7.06 ~ 0. I )%, close to the value ex-
pected from elasticity theory.

In Fig. 3(a), we show the Fourier-filtered lattice image
of the sample with an InAs layer thickness of 1 ML. The
relative shift of the lattice planes is shown in Fig. 3(b).
The overall shift of the lattice in [001] direction is deter-
mined to be 0.58 0.01 A. This distortion originates
from 1 ML, as demonstrated by the fact that two dis-
placement vectors with a length ratio of 60:40 are detect-
ed [Fig. 3(b)]. It corresponds to a strain of (12.6
+0.3)%, significantly larger than that expected from
elasticity theory.

The above shown results demonstrate that a 3-ML-
thick film can already be considered as an elastic continu-
um, i.e., the bulk case establishes quite rapidly. The
same has been found for ultrathin Ge films on Si [13,14].
However, a significant deviation from the elasticity
theory occurs in the ultimate limit of a monoatomic layer.
In this case, the measured tetragonal distortion of the
unit cell corresponds to an In-As bond length of 2.62 A,
exactly equal to that of unstrained bulk InAs. This ex-
perimental result confirms recent ab initio total-energy
calculations [15]. By explicitly considering the present
case of a single In lattice plane buried in a GaAs matrix,
these calculations predict an In-As bond length that
closely resembles the one of the unstrained bulk crystal.
The In-As bonds directly at the InAs/GaAs interface are
thus stretched in order to conserve their bulk bond length
[16]. The tendency towards conservation of the un-

strained bulk bond length has in fact been suggested for
rather di[I'erent chemical environments [17-21]. Thus,
while films of a few ML thickness are well described by
macroscopic arguments, the atomic configuration at the
interface can be understood only by considering the local
properties of the crystal lattice, namely, the chemical
bond.

We are indebted to M. Cardona, G. C. La Rocca, and
L. Tapfer for enlightening discussions and for critical
reading of the manuscript. Special thanks are due to H.
J. Queisser for continuous encouragement.
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