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We have used x-ray photoelectron diffraction to probe strain at the lattice-mismatched semicon-

ductor heterojunctions Ge/Si(001) and Si/Ge(001). Deposition of four-monolayer equivalents of Si

on Ge(001) at -350'C causes cluster formation, whereas deposition of the same amount of Ge on

Si(001) at nearly the same temperature results in more laminar growth. These findings are con-

sistent with surface thermodynamic considerations in that Ge has a lower surface free energy than

does Si. Careful measurement of the polar angle at which the forward-scattering-induced

diffraction peak along [011]occurs provides an estimate of the perpendicular lattice constant a, . By
this means, we estimate a, to be 5.62 and 5.31 A for the Ge/Si(001) and Si/Ge(001) interfaces, re-

spectively. In order to obtain a more quantitative measure of the strain, we have used reliability (R)
factor analysis to determine a, by comparison of experiment with single-scattering calculations.
This analysis yields values of 5.75+0.04 and 5.38+0.08 A for Ge/Si and Si/Ge, respectively. These

0

values suggest less distortion by -0. 1 A in the strained overlayers than what is predicted by classi-

cal elastic theory. However, agreement with the strain predicted for the Ge/Si(001) interface by

more accurate total-energy pseudopotential calculations is excellent. Finally, high-angular-

resolution azimuthal scans at any polar angle are not particularly sensitive to tetragonal distortion,

at least for the diamond crystal structure.

INTRODUCTION

Strain effects at lattice-mismatched semiconductor
heterojunctions cause major perturbations to the elec-
tronic structure of the system. Tetragonal distortion as-
sociated with pseudomorphic growth can result in large
changes in the valence- and conduction-band electronic
structure of the strained epilayer as well as changes in the
interface band offset. ' These perturbations can be used
to one, "~ advantage in device applications. For instance,
recent calculations suggest that new optical transitions of
some direct or quasidirect character arise through zone-
edge and zone-center mixing in strained-layer Si/Ge su-

perlattices. Therefore, the ability to control and mea-
sure strain represents a significant technological advan-
tage in advanced electronic-device design and processing.
In this paper we address the issue of strain measurement.
It has been shown that high-resolution x-ray diffraction is
a powerful probe of strain in superlattices. ' However,
direct strain determination in single pseudomorphic epi-
layers is much more difficult to carry out with x-ray
diffraction, largely due to an overwhelming signal contri-
bution from the substrate. Glancing-incidence x-ray
diffraction has recently been shown to be useful in deter-
mining the in-plane strain. ' By carefully selecting the
diffraction conditions, one can minimize thermal diffuse
scattering from the bulk and thereby increase the sensi-
tivity to strain relief on the top tens of angstroms of the
material. However, it is in general not possible to distin-
guish between strain relief and intermixing with this tech-
nique. Intermixing can readily occur at the temperatures
required to obtain high-quality crystalline epilayers.

Standing-wave x-ray diffraction at glancing angles of
incidence is, in principle, a useful method of probing
strain perpendicular to the interface. In this technique
the antinodes of the standing wave can be positioned at
various depths below the surface by tuning the photon
energy. Auger and fluorescence emission from atoms in
the strained overlayer are expected to maximize when the
depths of the antinodes coincide with the z coordinates of
atoms in the strained overlayer. An investigation of this
sort has been carried out for CoSi2/Si(111). "

It has recently been shown that high-energy x-ray pho-
toelectron diffraction (XPD) can be used to directly
determine strain at a lattice-mismatched heterojunction
by accurately measuring 0~0&&~, the polar angle at which
the forward-scattering-induced diffraction peak along
[Ollj falls. ' Moreover, the atom specificity of the tech-
nique permits one to distinguish between strain relief and
intermixing. Determination of the perpendicular lattice
constant a~ for four monolayers (ML) of nonintermixed,
pseudomorphic Si on Ge(001) was carried out by two
means. The first of these involved a simple computation
of a ~ from the relation a ~

=a
~~

tan8~0& & ~. The second
method involved employing single-scattering theory to
calculate the portion of the angular distribution which in-
cludes the [011]diffraction peak as a function of az, and
then carry out a reliability (R) -factor analysis. These
two methods led to a~ values of 5.31+0.04 and 5.34+0.04
A, respectively. Although well within experimental error
of one another, these values are somewhat in excess of
that predicted by elastic theory, 5.26 A.

In this paper we describe the more complete set of the
experiments summarized in Ref. 12 as well as an analo-
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gous investigation of the inverted interface —Ge/Si(001).
In summary, we have found that (i) four-monolayer
equivalents (ML-EQ) of Si grow as clusters, whereas the
same deposition of Ge on Si(001) grows in a more laminar
fashion, (ii) the value of a~ suggested by the position of
the [011] diffraction peak should, in general, be taken
only as an estimate, (iii) a~ is best determined by compar-
ison with quantum-mechanical scattering calculations in
which the strain is systematically varied and compared
with experiment by means of R-factor analysis, and (iv)
the values of a, determined by the present investigation

0
indicate less strain by -0.1 A for both tension and
compression than what is predicted by elastic theory, but
are in good agreement with values predicted by total-
energy calculations, at least for the Ge/Si(001) case.

EXPERIMENT

All experiments were carried out in a custom-built sys-
tem which combines molecular-beam-epitaxy (MBE)
growth of metals and semiconductors with x-ray photo-
electron diffraction (XPD), low-energy electron
diffraction (LEED), and x-ray photoelectron spectrosco-
py (XPS). The XPS system consists of a Surface Science
Instruments Series 300 x-ray photoelectron spectrometer
equipped with a monochromatic Al Ko, x-ray source,
hemispherical analyzer, multichannel detector, and exter-
nally actuated apertures to permit angle-resolved mea-
surements. A precision (+0.1') two-axis sample manipu-
lator in conjunction with the aforementioned apertures
permits XPD experiments to be carried out in a scanned-
angle mode. Both polar- and azimuthal-angle intensity
distributions of Si 2p photoemission were measured with
a half-angle of acceptance (b,8, &z and b,g, &2) of 3.3' and
compared with angular distributions calculated by means
of plane-wave single-scattering theory. ' R-factor
analysis was performed to assess more accurately the lev-
el of agreement between theory and experiment. Here we
define the reliability factor as

prepared in this way should have a much lower density of
vacancy defects than bulk Ge(001) specimens that are
sputtered and annealed at high temperature.

Si(001) substrates were prepared by performing a liquid
degrease, acid etch, and ultrahigh-vacuum (UHV) anneal
to -900'C while exposed to a low Si flux. The latter step
has been found to significantly enhance SiOz desorption
at a relatively low temperature of 900 C through the pro-
cess of Si-beam-induced decomposition of Si02. ' This
procedure resulted in clean surfaces which exhibited
clear, sharp orthogonal p (2 X 1) LEED patterns.

Four ML-EQ of Si or Ge, as measured by a quartz-
crystal oscillator, were grown at substrate temperatures
of 330—390'C. This range of temperature was chosen be-
cause it is above that required to achieve good epitaxy,
but below the temperature at which intermixing occurs. '

Sharp, clear orthogonal p(2 X 1) LEED patterns which
were virtually identical to those of the substrates
remained after Si and Ge overlayer growth.

RESULTS

We show in Fig. 1 a schematic diagram of our XPD
spectrometer geometry (inset), the diamond crystal struc-
ture, and the coordinate system we have used to orient
the specimen with respect to the spectrometer. We will
refer to this diagram often to aid in understanding the
significance of the results.

In Fig. 2 we show measured and calculated XPD polar
scans in the (010) azimuth of thin epitaxial films of Ge on
Si(001), Si(001), and thin epitaxial films on Si on Ge(001).
Integrated intensities after Shirley background subtrac-
tion are plotted in 1.0' increments from 0=14' to 98'.

R (n) = g abs[I,b, (k) —nI„~,(k)] Q I,b, (k),
k k

where I», (k) and I„~,(k) are measured and calculated
photoelectron intensities along wave vector k, and n is a
normalization constant for equating theoretical with ex-
perimental intensities. For a given angular scan, a search
for the value of n that minimizes R (n) was carried out
for each geometry tested.

Ge(001) substrates were generated by growing several
hundred angstroms of Ge at —330 C on GaAs(001) sub-
strates, which were, in turn, prepared in a Perkin-Elmer
model 430 MBE system. GaAs surface preparation con-
sisted of a standard degrease and acid etch, followed by
growth of a 1-pm-thick GaAs bufter layer and an As cap
in the Perkin-Elmer MBE chamber. As-capped samples
were then transferred through air to the Si/Ge MBE
chamber, where the As cap was desorbed by flashing
briefly to -415 C. After Ge-epilayer growth, the sur-
faces exhibited clear, sharp orthogonal p (2 X 1) LEED
patterns. Although in possession of some density of sin-
gle steps as judged by the two p(2X1) domains, surfaces

(010j

(110j

6) =90
I001)

0 =45
(110)

KW ~,v

FIG. l. Diamond crystal structure and coordinate-system
orientation used in the present work, along with a schematic
representation of sample-diffractometer geometry {inset).
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FIG. 2. Measured and calculated polar-angle scans in the
(010) azimuth for Ge/Si(001), Si(001), and Si/Ge(001).

The substrate emission peak along the surface normal
(0=90'} was used as an internal calibration of the
goniometer-analyzer geometry. In this way, other
diffraction peaks could be measured with an accuracy of
+0.2'. Looking first at the data for Si(001}, major
forward-scattering-induced peaks are seen at 0=45' and
90'. These peaks result from scattering and constructive
interference along the [011] and [001] low-index direc-
tions, respectively. Additional structures of a more com-
plex origin involving interference of many scattered-wave
portions along with the unscattered-wave portion are also
seen between 60' and 80', and below 30'. Examination of
the diamond crystal structure (Fig. 1) reveals that the
peaks along [011]and [001] are not expected until epitax-
ial films have achieved thickness of 3 and 5 ML, respec-
tively. At these coverages, photoelectrons generated in
the first monolayer can forward-scatter from atoms in the
third rnonolayer at 45' and in the fifth monolayer at
90o 15 16

When 4 ML-EQ of Ge are grown on Si(001) at 390'C,
the only peak observed falls slightly above 8=45'. The
absence of a peak at 8=90' indicates that the layer has

grown in a nearly laminar fashion. Clustering in which
fifth- (or higher-) layer formation occurs would give rise
to a peak along the surface normal, as discussed above,
and as can be seen by examination of the theory curves
for 4- and 5-ML epitaxial films shown in Fig. 2. A weak
peak is predicted to develop along [001]when a fifth layer
is present. Values of 5.75 and 5.43 A were assumed in the
calculations for a~ and a~~, respectively. This choice of
parameters will become apparent shortly. Interestingly,
the calculated peak along [001]was observed to fiatten as
tetragonal distortion in the overlayer was increased, indi-
cating that structurally sensitive interference effects in
addition to simple forward scattering can have a
significant effect on the shapes of peaks along low-index
directions. Although the calculated peak intensity along
the surface normal associated with growth of the fifth
layer is weak, previous experimental measurements' as
well as those shown in Fig. 5 for Ge/GaAs(001) show
that this peak is substantial once growth of the fifth layer
occurs. Therefore, the virtual absence of a peak in the
present data demonstrates that laminar growth has oc-
curred. Indeed, laminar growth of Ge on Si(001) is ex-
pected on thermodynamic grounds because the surface
free energy of Ge is less than that of Si. '

Looking now at the data for 4 ML-EQ Si on Ge(001)
grown at 330'C, we notice strong peaks along both [011]
and [001], indicating that at least partial fifth-layer for-
mation has occurred. Fifth-layer formation is confirmed
by examining single-scattering calculations for 4 and 5
ML epitaxial films of Si on Ge(001), which again show
that the onset of the peak along [001] indeed coincides
with growth of the fifth layer. These calculations, which
were carried out for aj =5.34 A and a~~=5.65 A, are
shown adjacent to the experimental angular distribution
in the bottom half of Fig. 2. (This choice of lattice con-
stants will become obvious shortly. ) It is tempting to try
to extract the extent of fifth-layer formation from the rel-
ative intensities of the [011] and [001] diffraction peaks
by comparison with theory. However, it is well known
that multiple scattering along chains of two or more
atoms causes defocusing that effectively reduces the in-
tensity of the associated forward-scattering peaks com-
pared to analogous single-scattering calculations. '

Therefore, such an analysis is not expected to yield accu-
rate results unless multiple scattering is included. How-
ever, there is no question that a 4 ML-EQ deposit of Si on
Ge(001) results in cluster formation in which the clusters
are at least five layers deep. Island formation (Volmer-
Weber growth) is expected on the basis of the fact that
Ge possesses a lower surface free energy than does Si. '

Tetragonal distortion in the epitaxial film can be deter-
mined by analyzing the position of the [011] peak. As
seen at the top of Fig. 2, tensile expansion in the plane of
the interface, as would occur for pseudomorphic growth
of Si on Ge(001), will result in compression in the direc-
tion normal to the interface. Any such compression is
expected to result in a shift to lower polar angle in the
[011]diffraction peak. Similarly, an upward shift in polar
angle is expected and observed for growth of Ge on
Si(001). These shifts can be used to estimate ai, as de-
scribed below.
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We show in Fig. 3 polar-angle scans for Ge/Si(001},
Si(001), and Si/Ge(001) in which the [011] forward-
scattering peak has been plotted in expanded form after a
linear background subtraction. Precise angular calibra-
tion based on alignment of the [001] diffraction peak as-
sociated with substrate emission at 0=90.0' was carried
out in order to ensure high accuracy and precision in the
position of the [011] peak. Also shown are calculated
forward-scattering peaks which give optimal agreement
with experiment as judged by R-factor analysis (to be dis-
cussed below}.

Looking first at the scan for Si(001)-2X 1, we note that
the Si 2p [011] forward-scattering peak is highly sym-
metric and falls at 44.9'+0.2', which is within experimen-
tal error of the expected value of 45.0' for a fcc lattice
that is unstrained except for the surface reconstruction.
The presence of orthogonal p(2X1) domains has no
measurable effect on the angle at which the peak is ob-
served. The full width at half-tnaximum (FWHM) of the
substrate diffraction feature is 8.2'. The [011] peaks for
strained Ge on Si(001) and strained Si on Ge(001) fall at
46.0+0.2' and 43.2'+0. 2', respectively. Using the simple
relation at =altan8(o»), a~ is estimated to be 5.62+0.04
A and 5.31+0.04 A for Ge/Si and Si/Ge, respectively.
The uncertainty of +0.04 A in a] is a direct result of the
+0.2' uncertainty in the angle at which the [011] peak

falls. We assume that the strained overlayers are com-
mensurate with the substrate. This assumption is con-
sistent with the lack of visible position change of the
integral-order LEED spots or pattern degradation upon
growth of the Si and Ge overlayers. It is also consistent
with recent glancing-incidence x-ray-diffraction results
which show no change in the in-plane lattice constant un-
til the onset of strain relaxation. ' Thus, a~~ for the over-
layer is same as that for the substrate —5.43 A for Si(001)
and 5.65 A for Ge(001). The FWHM values are 10.5' and
9.3' for the Ge 31 and Si 2p peaks, respectively. We will
comment on this difference in peak width below, but it is
first instructive to consider an alternate way of determin-
ing aj —namely comparison of the experimental angular
distributions with those calculated by means of plane-
wave single-scattering theory.

We show in Fig. 4 an R-factor analysis of the angular
distributions for the strained overlayers in Fig. 3. Some
striking differences are seen. First, the R-factor curve for
Ge/Si exhibits a sharper tninimum than does the curve
for Si/Ge. Second, the value of the R factor is lower by a
factor of 3 at the minimum of the Ge/Si curve than that
for the Si/Ge curve. These differences are closely related
to the difference in peak width, which ultimately arises
from multiple-scattering effects. The fact that Si on
Ge(001} clusters to a thickness of at least 5 ML means
that photoelectrons emitted from the first layer will in ac-
tuality undergo at least double forward scattering along
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[011]. Multiple forward scattering has been predicted to
cause a defocusing and narrowing of the diffraction

peak, ' ' and in Fig. 5 we show direct experimental evi-

dence for this prediction.
Plotted in Fig. 5 are complete (bottom panel) and ex-

panded, partial (top panel) polar-angle distributions for 4
and 5 ML-EQ of Ge on GaAs(001) grown at 350 C. This
system was chosen to illustrate the broadening effect of
multiple scattering because it is 99.876% lattice matched.
Thus, additional broadening mechanisms such as partial
film relaxation at or above the critical thickness will not
come into play. The presence of a weak peak along the
surface normal at 4 ML demonstrates that partial fifth-
layer formation has occurred. Thus, the [011] low-index
direction in the overlayer consists of two (three) atoms
where the film is four (five) layers deep. It is then expect-
ed that the [011]forward-scattering peak should be some-
what narrower than that for 4 ML-EQ Ge on Si(001), for
which little or no fifth-layer formation occurs. Indeed,
the peak width is 9.6', which is —1' less than the value
measured for Ge/Si(001). However, growth of 5 ML-EQ
of Ge on GaAs(001) results in completion of the fifth lay-
er and perhaps initiation of the sixth (or higher) layer.
Thus, multiple scattering of all photoelectrons emitted in
the first layer occurs along [011]. As a result, the Ge 3d
diffraction peak along [011]undergoes —1' of additional
narrowing. This narrowing effect with additional atoms

in the chain is not reAected in our calculations because of
the neglect of multiple scattering. Thus, the calculated
peak width for the Si/Ge(001) interface (in which
significant multiple scattering occurs along [011] in the
overlayer) is larger by a few degrees than the experimen-
tal counterpart. This reality leads to a relatively poor
level agreement between theory and experiment (Figs. 3
and 4). In contrast, Ge grows in a laminar fashion on
Si(001). Therefore, only single-scattering events occur,
and the experimental and theoretical peak widths are
very nearly the same. A much better fit with theory is
achieved as a result.

Returning to Fig. 4, values of a~ are readily extracted
from the R-factor curves. There is no ambiguity in the
case of Ge/Si(001); a symmetric minimum occurs at
5.75+0.04 A. The situation is complicated for the
Si/Ge(001) system by the large difference in peak width
between theory and experiment. This reality causes the
R-factor curve to be broader and show some discontinu-
ous structure near the minimum. The absolute minimum

0
occurs at 5.34+0.04 A. There is maximum overlap in the
theoretical and experimental peak positions at this value
of a~. However, there is also a Aat portion of the curve
from 5.39 to 5.45 A for which the R factor is very close
to the absolute minimum. The presence of this plateau
compels us to conclude that the most reasonable value of
a~ that can be extracted from the R-factor curve is
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FIG. 5. Full polar angular distributions in the {010)azimuth
for 4 and 5 ML-EQ Ge/GaAs(001) (bottom panel), and expand-
ed plots of the [011]peak for the same interfaces after a linear
background subtraction (top panel).

FIG. 6. Calculated azimuthal angle distributions for 4 ML
Si/Ge(001) at various polar angles in which different values of
a, have been assumed. The lack of sensitivity of the structure in
these angular distributions to a, is evident.
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5.38+0.08 A. This value, though not at the absolute
minimum, is at the center of the bottom of the curve.

0

Furthermore, an uncertainty of +0.08 A covers the entire
region in the vicinity of the minimum for which the first
derivative of the R-factor curve is approximately zero.

It is also of interest to investigate the sensitivity of
high-angular-resolution azimuthal-angle distributions to
tetragonal distortion in the epilayer. We present in Fig. 6
calculated azimuthal-angle distributions at several polar
angles for 4 ML Si/Ge(001) in which we assume two
widely divergent values of a~. The values of a~ are 5.34
A, the value deduced from the absolute minimum in Fig.
4, and 5.65 A, which corresponds to an overlayer with

perfect cubic symmetry. The angular averaging used in

the calculations corresponds to that of the smaller of our
two apertures —b, 8, ~2

=b,P, z2
= 1.7'. The calculation

runs from the (010) azimuthal plane (/=0') to the (100)
plane (/=90') (see Fig. 1). Inspection of Fig. 5 reveals
that the level of sensitivity of such angular scans to a~ is
not particularly high. Angular distributions for the two
values of aj are very similar for 0=65', 55', 45', 35', and
15', and determination of a~ from a comparison with ex-

perirnent would not be feasible. There is, however, some
degree of sensitivity available from the scan at 8=25'.
There is a large change in relative intensity of the feature
at /=45' compared to those at 27' and 63' over the
chosen range of a~. However, the relative intensities of
these three features are not a sensitive function of a~ over
this range of values. Therefore, we conclude that polar
scans over [011]are a more sensitive probe of tetragonal
distortion than azimuthal scans at higher angular resolu-
tion, at least for the diamond crystal structure.

DISCUSSION

There are to our knowledge no other experimental
determinations of a~ for single layers of thin, pseu-
domorphic Si on Ge(001) or Ge on Si(001) reported in the
literature. However, Pearsall et al. have recently report-
ed transmission-electron-microscopy (TEM) and
electroreflectance measurements on Si/Ge superlattices
in which each layer was 4 ML-EQ thick. Analysis of
TEM lattice images indicates that interface roughness of
the order of +1 ML existed in the superlattice. This ob-
servation is consistent with our conclusions about fifth-
layer formation during the deposition of the Si layer.
They also note that large differences exist between calcu-
lated and measured optical matrix elements for structur-
ally induced electronic states near the indirect gap of the
superlattice. These matrix elements depend critically on
atomic coordinates, and elastic theory is typically used to
determine the perpendicular strain in the absence of ex-
perimental input. Therefore, the observed discrepancies
may be a result of the deviation between the present
determination of a~ and that calculated by elastic theory.

Classical elastic theory has frequently been used to esti-
mate the tetragonal distortion associated with lattice
mismatch. The calculation starts with experimental
values of elastic stiffness constants for the bulk material,
as determined by elastic wave velocity measurements.
These constants are then related to the strain tensor

through the classical stress-strain relationship. Matrix
rotations then permit one to obtain the strain normal to
the interface (s») in terms of ratios of stiffness con-
stants. The perpendicular lattice constant is then given
by the relation a~ =(1+E»)a, where a is the bulk lattice
constant. Application of this equation to the Si/Ge(001)
and Ge/Si(001) interfaces yields a~ values of 5.26 A and

0
~ 0

5.82 A„respectively. These values suggest -0. 1 A more
strain than what we have determined by XPD. The
discrepancy may originate in the classical nature of the
calculation and/or the use of bulk elastic constants in an
interfacial calculation. A similar departure from elastic
theory has also been suggested by ion scattering for the
Si/Ge/Si(001) system, in which a~ was estimated by com-
paring simulations of the ion angular intensity profiles
with experiment.

In contrast, agreement of the present experimental re-
sults for Ge/Si(001) with the predictions from a recent
total-energy pseudopotential calculation is quite good.
In this calculation, a~ values for both Si and Ge epilayers
in a Si4Ge4 superlattice on Si(001) were determined by
total-energy minimization. All strain was predicted to be
taken up by the Ge layers, and a~ was predicted to be
5.72 A. Agreement with the present experimental value
of 5.75+0.04 A is excellent.

The analysis of the Ge/Si(001) data (Figs. 3 and 4) sug-
gests that, in general, determination of a~ simply by
means of measurement of 8~0»~ may led only to an ap-
proximate value. The peak position suggests a value of
5.62 A for Ge/Si(001). In contrast, R-factor analysis of
the polar angular intensity distribution over the [011]
peak yields a value of 5.75 A. The origin of this
discrepancy can be seen by careful inspection of the
upper panel of Fig. 3. The experimental peak maximum
falls at a slightly lo~er polar angle than the calculated
peak maximum at the value of a~ that minimizes the R

0
factor (5.75 A). However, the ouerall deviation between
theory and experiment is minimized at 5.75 A. The situa-
tion is complicated by the presence of multiple scattering
in the experimental data for the Si/Ge(001) system. Here
the uncertainty in the R-factor analysis is large enough
that the a~ values derived from the simple trigonometric
calculation and the more involved R-factor analysis are
within the estimated uncertainties.

Closely related to the issue raised in the preceding
paragraph is the question of spherical wave effects in
single-scattering calculations. It is thought that the so-
called "small-atom approximation, " which amounts to
assuming that the outgoing photoelectron wave can be
taken to be a plane wave over the dimensions of the
scattering potential, incurs some error at nearest-
neighbor distances. It has been found that spherical-
wave effects reduce scattering amplitudes relative to
plane-wave values, but do not cause changes in the phase
shifts at high kinetic energies (-950 eV). Moreover,
this effect is observed only for scattering angles of ~ 30,
which includes the forward-scattering regime upon which
the present analysis is based. We have performed calcu-
lations which implicitly include spherical-wave effects us-
ing a high-energy approximation by Rehr et al. which is
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readily included in a single-scattering formalism. We
have found that inclusion of such effects in the calcula-
tion of the [011] forward-scattering peak produces virtu-
ally no change in either the peak shape or the R-factor
analysis relative to the plane-wave results. The most
probable reason for this insensitivity is the fact that in-
teraction with the outer portion of the scattering poten-
tial (where wave curvature is most likely to affect the
scattering) is negligible at the kinetic energies employed
(
—1400 eV). On the basis of this result, we conclude that

the small-atom approximation is completely valid at high
kinetic energies for all scattering events, including those
involving nearest neighbors.

In addition to multiple scattering, partial film relaxa-
tion at or above the critical thickness is also expected to
result in broadening of the [011]peak. However, a large
peak asymmetry will accompany such broadening if this
phenomenon occurs. The physical cause for this
broadening and asymmetry is simply that a partially re-
laxed film does not possess a unique value of a~. Portions
of the film remain unrelaxed, while other portions under-

go partial relaxation. ' Thus, the measured [011]scatter-
ing peak is actually the sum of two (or more) peaks origi-
nating in different portions of the film. If the film is local-
ly five or more layers deep, multiple scattering will occur,
and the individual scattering peaks will be rather narrow.
The sum of these peaks will be broad, asymmetric (pro-
vided portions of the film with different a j values are not
present in equal amounts), and will, upon analysis, yield
an average value of a~ over a macroscopic region of the
film. We have observed this phenomenon for Si/Ge(001),
and the peak asymmetry in combination with the larger
value of a„relative to the fully strained case makes
broadening by partial film relaxation rather easy to dis-
tinguish from broadening by multiple scattering.

The present work suggests that forward-scattering
peaks are more sensitive to tetragonal distortion than
diffraction fine structure away from low-index directions.

However, this conclusion appears to be strongly depen-
dent on the crystal structure being investigated. Fadley
has demonstrated a high degree of sensitivity to tetrago-
nal distortion in the NiO/Ni(001) system by means of
high-angular-resolution azimuthal scans at 0=45'. The
intensities of symmetry-relaxed diffraction peaks away
from [101]and [011]were found to be strongly dependent
on the ratio of a~ to a ~~. The fact that such sensitivity is
not observed with the diamond structure at a similar lev-

el of angular resolution suggests that this kind of sensi-

tivity is crystal-structure dependent.

CONCI. USIONS

We have used x-ray-photoelectron diffraction to probe
strain at the lattice-mismatched semiconductor hetero-
junctions Ge/Si(001) and Si/Ge(001). Careful measure-
ment of the polar angle at which the forward-scattering-
induced diffraction peak along [011] occurs provides a
reasonable estimate of the perpendicular lattice constant
a~. By this means, we have measured a~ in the fully
strained Ge and Si overlayers to be 5.62+0.04 and
5.31+0.04 A, respectively. In addition, we have used R-
factor analysis to determine a~ by comparison with
single-scattering calculations. This analysis yields values
of 5.75+0.04 and 5.38+0.08 A, in reasonable agreement
with the simple geometric method. These values suggest
that the overlayers are less strained than what is predict-
ed by classical elastic theory by -0.1 A. However, the
strain measured by XPD is in very good agreement with
what has been predicted by means of total-energy pseudo-
potential calculations, at least for the Ge/Si(001) case.
We have also attempted to determine a~ from high-
angular-resolution azimuthal scans away from low-index
directions. However, these measurements do not possess
the same degree of sensitivity as the polar-scan measure-
ments, at least for the diamond crystal structure.
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