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Lattice parameters and local atomic structure of silicon-rich Si-Ge/Si (100) films
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The lattice parameters and Ge-to-Si nearest-neighbor and next-nearest-neighbor distances were mea-
sured using x-ray rocking curves and extended x-ray-absorption fine-structure spectroscopy for four
dift'erent Si-rich Si, Ge /Si(100) epitaxial films. The Si-Ge films, two prepared by molecular-beam ep-

0
itaxy and two by chemical-vapor deposition, had thicknesses of 500-900 A and Ge concentrations of
xz, =0.06—0. 18. Lattice parameters of the films, corrected for coherency strain, agreed with values re-
ported for bulk Si-Ge alloys. Ge-to-Si distances were 2.375+0.02 A and 3.85+0.06 A for nearest and
next-nearest neighbors, respectively, and were independent of Ge concentration within these experimen-
tal uncertainties. A simple, random-solid-solution model using composition-independent values for
nearest-neighbor distances rsi s;, rG,, z„and rG, si reproduced the average nearest-neighbor distance
(r ) (xo, ) deduced from observed lattice parameters a ixo, ) for our range of Ge concentrations. Compo-
sition variations of interatomic distances expected from various theoretical models [Martins and Zunger,
Phys. Rev. 8 30, 6217 (1984); Shih et al., B 31, 1139 (1985); Thorpe and Garboczi, Bull. Am. Phys. Soc.
35, 781 (1990)]all fell within our experimental uncertainty of +0.02 A.

I. INTRODUCTION

The lattice mismatch between an epitaxial film and a
substrate induces lattice strain and may create misfit
dislocations in the film. Therefore understanding and
control of the lattice mismatch are important for achiev-
ing defect-free epitaxial films. In some cases Vegard's
law is a simple and useful guide for estimating lattice pa-
rameter change due to impurity doping or alloying. But
as reported earlier, ' the lattice parameter of heavily
doped Si:As shows lattice contraction rather than expan-
sion, in spite of As having a larger atomic size than Si,
based on extended x-ray absorption fine-structure (EX-
AFS) measurements. In this case conduction electrons
due to As doping contribute negatively to the lattice pa-
rameters, and this effect is not included in the simple ap-
plication of Vegard s law, which would predict, incorrect-
ly, a lattice parameter increase from adding As to Si.

For cases of heterovalent impurities, like As in Si or
Ga in Si, to determine experimentally the quantitative
effect of added electrons or holes on the lattice parame-
ter, it is necessary to evaluate separately the effect of
atom size differences on the lattice parameter, which has
been done using EXAFS measurements and Vegard's
law. ' ' Although reasonable results have been obtained
for Si:As and Si:Ga in this way, it would be desirable to
test how accurately this procedure works, for example, in
the case of isovalent impurities, which involve no doping
effects. This is one of our motivations for the present in-
vestigation of Si-Ge alloys. Another motivation is to
determine the dependence of Ge-Si nearest-neighbor dis-
tances on alloy composition for comparison with theoret-
ical predictions.

There have been previous investigations of lattice pa-
rameter change with the concentration for Si-Ge bulk al-

loys, ' but studies of lattice parameters for Si-Ge epitaxi-
al films are very limited. "' Bulk Si-Ge alloys have
shown a slight negative deviation from Vegard's law, and
several theoretical explanations have been offered for this
negative deviation. ' Previous EXAFS studies of Ge in
Si-Ge alloys were limited to a single composition
(x =0.31) crystalline alloy' or were limited to amor-
phous Si-Ge alloy films. '

In the present work we have measured EXAFS as well
as x-ray rocking curves (XRC s) for silicon-rich Si& Ge
(0.06~xo, ~0. 18) epitaxial films made by molecular-
beam epitaxy (MBE) and by chemical-vapor deposition
(CVD) on (100) Si substrates.

In order to understand the concentration dependence
of the lattice parameters, which reAect average intera-
tomic distances, it is necessary to consider the relation-
ship between lattice parameters, as determined from x-
ray rocking curves, and interatomic distances, as deter-
mined from EXAFS measurements. A simple random-
solid-solution model has been used to explain the ob-
served composition dependence of lattice parameters for
the Si-rich Si-Ge alloy films in terms of the nearest-
neighbor distances. Section II of this paper describes the
samples and experiments performed on them. Experi-
mental results are discussed in Sec. III, followed by a
summary of conclusions in Sec. IV.

II. SAMPLES AND EXPERIMENTS

A. Epitaxial films and RBS

Four silicon-rich Sii Ge„epitaxial films were grown
on Si(100) substrates. Two of them, MBE1 and MBE2,
were made by molecular-beam epitaxy' and two others,
CVD1 and CVD2, by chemical-vapor deposition. ' The
Ge concentrations of the films were determined by Ruth-
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FIG. 1. RBS spectra measured (triangles) and calculated (dashed line) for MBE2 sample. Inset: sample arrangement for RBS
measurements.

erford backscattering (RBS).' Because the Ge concentra-
tion is low (6—18 at. %%uo )an d th e film sar e thi n ((90OA),
high depth resolution in the RBS measurements is re-
quired to obtain accurate Ge concentrations and
thicknesses. Therefore the samples were tilted by 60'
with respect to the incident He ion beam, as shown in
Fig. 1 (inset), and a He ion energy of 1 MeV was used.
To avoid channeling effects, the samples were rotated
around the axis perpendicular to the sample surface, as
shown in Fig. 1 (inset). The thickness and Ge concentra-
tion for each sample were determined by fitting theoreti-
cal calculations to experimental spectra. ' As an exam-
ple, the RBS result for MBE2 is shown in Fig. 1 together
with the theoretical fitting. The Ge concentrations and
film thicknesses thus obtained for the four films are given
in Table I. Ge concentrations range from 6 to 18 at. %%uo,
thicknesses from 500 to 900 A.

B. X-ray rocking curves

X-ray rocking curves were measured using a double
crystal diffractometer with a (400) silicon monochroma-
tor and CuK radiation. ' The resulting XRC's for

and the value A8 corresponding to the diff'erence in (400)
plane spacing for the layer and the substrate was deter-
mined,

58=(b8, +682)/2 . (2)

For each sample, the difference in (400) plane spacing for
the layer and the substrate is given by

Ad
(cotO')60~

MBE1, MBE2, CVD1, and CVD2 are shown in Fig. 2.
Each rocking curve was measured for two orientations of
the substrate which placed the (400) plane normal in the
scattering plane and were related by rotating the sample
by 180' around the scattering vector. The angular spac-
ings 58& and 682 between the substrate (400) maximum
and the (400) maximum from the Ge-containing epitaxial
layer were measured for the two orientations. For each
sample, the misorientation angle Aco between the layer
and the substrate was determined,

b,co=(58,—58~)/2,

TABLE I. Ge concentrations xG, and thicknesses t obtained from RBS measurements for
Si& Ge epitaxial films.

Ge Ge

Sample

&Ge
0

t (A)

MBE1

0.06+0.01
900+50

CVD1

0.10+0.01
770+50

MBE2

0.15+0.02
500+50

CVD2

0.18+0.02
620+50
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FIG. 2. Observed x-ray rocking curves for MBE1, CVD1, MBE2, and CVD2.

The misorientation angles Ac@, differences in Bragg angles
b 8, and resulting values of (b,d /d)i are given in Table II
for each of the samples. The misorientation angles
hco&0 result from the small miscut of the substrates, e.g. ,
substrate surfaces not being perfectly parallel to the (100)
crystal planes. '

Because of the epitaxy between the Si-Ge films and the
Si substrates, the films are expected to be tetragonal, with
(hd/d)~~=0 and with (b,d/d )i) (ha/a )„i,„, where
(b,a/a)„i, „ is the fractional change in lattice parameter
from added Ge for an unconstrained, cubic film. If there
is complete epitaxy, e.g. , no misfit dislocations at the in-
terface of the film and substrate, (ha /a )„„„canbe found
from the experimentally determined value of (Ad/d )i us-

ing the relation'

Aa C

a
1

C&&+2C

with elastic constants c»/(c»+2ci2)=0. 564. This is
the value calculated from the elastic constants for pure
Si, which we used since the difference from that for pure
Ge is less than 2%, ' and theoretical calculations predict
a monotonic dependence on concentration for Si-Ge al-
loys. However, if there is a strain (b,d/d)~~WO parallel
to the substrate, i.e., partial or full incoherency between
the substrate and film, Eq. (4) must be modified. '

From two XRC's for different (hkl) planes, the parallel
strain (bd/d)~~ and perpendicular strain (hd/d)i with
respect to the (400) plane can be determined. ' We mea-
sured the XRC's of (400) and (404) planes for the MBE2
sample. The resulting value of the parallel strain was
(b did

)~~
=(0.I+0.4) X 10, which is negligibly small

compared with the perpendicular strain
(hd/d)z=(8. 38+0.03) X 10 . This result confirms that
the sample has very few, if any, misfit dislocations, so Eq.
(4) is appropriate for calculating (ba/a)„i, „ from the ob-

TABLE II. Results of x-ray rocking curve measurements and lattice parameter calculations: misorientation angle hco, difference
in Bragg angles for film and substrate AO, fractional difference in (400) plane spacing for the film and substrate (Ad/d )z, and frac-
tional difference in relaxed lattice parameters for film and substrate obtained experimentally, (Aa/a)„&, „, and calculated from
random-solid-solution model, (Aa/a )„&,~

Sample

Aco (deg)
ae (deg)
(hd /d), X 10'
(Aa/a )„),„X103

(ha/a)„&, X 10

MBE1

0.00320.002
—0.155+0.002

3.93+0.03
2.22+0.03

1.3+1.0

CVD1

0.028+0.002
—0.267+0.002

6.77+0.03
3.79+0.03
2.2+1.5

MBE2

0.007+0.002
—0.331+0.002

8.38+0.03
4.69+0.03

3.5+2.2

CVD2

0.040+0.002
—0.447+0.002

11.32+0.03
6.34+0.03
4.3+2.5
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atom from Ga to Ge and backscattering atom from P to
Si. The phase shift and amplitude for Ge-Ge were ex-
tracted from Ge K-edge EXAFS measurements on crys-
talline Ge. For analyzing next-nearest-neighbor EXAFS,
the same phase shifts were used as for nearest neighbors.
For the Ge-Si next-nearest-neighbor backscattering am-
plitude, the amplitude extracted for next-nearest neigh-
bors from EXAFS measurements on a dilute
(x~, =0.001) Si:As sample was used. For Ge-Ge next-
nearest neighbors, the amplitude extracted for next-
nearest neighbors from EXAFS measurements on crystal-
line Ge was used.

Quantitative information on local structure around Ge
atoms was obtained by fitting calculated model functions
y„~(k) for k =3.8 —12.0 A ' to the corresponding exper-
imental functions yNN(k) and yNNN(k) obtained by back-
transforming nearest-neighbor and next-nearest-neighbor
regions of D~(r) using the window functions shown in
Fig. 4(c)." The total coordination number No, s;+No, G,
was fixed at 4 for nearest neighbors and at 12 for next-
nearest neighbors. The contribution from Ge-Ge pairs
was too small to permit accurate determinations of the
Ge-Ge distance even for the x&, =0.18 sample. For
definiteness and to aid in sample-to-sample comparisons

0

r&, z, was fixed at 2.45 A, the nearest-neighbor distance
in pure crystalline Ge, in nearest-neighbor fitting for all
samples. For next-nearest-neighbor fitting, it was as-
sumed that y'/ s =rG

Standard deviations were calculated for each of the
structural parameters determined by linearized least-
square fitting. These error estimates shown in Table III
correspond to the range of values which increase the
mean-square fitting error g [yNN( k; ) —y„~,( k; ) ] for
k =3.8 —12.0 A ' by no more than 100%, and similarly
for next-nearest neighbors. The fitted yNN(k) and

gNNN(k) functions for MBE1 sample are shown in Figs.
5(a) and 5(b). The deduced interatomic distances for
nearest neighbors rz, s; and for next-nearest neighbors
r are shown in Fig. 6 and are given together
with nearest-neighbor and next-nearest-neighbor coordin-
ation numbers in Table III. Within experimental uncer-
tainties, Ge-to-Si nearest-neighbor distances, r 6, s;
=(2.37-2.38+0.02) A, do not vary much with compo-
sition and are 0.02-0.03 A larger than the usual Si-to-Si
nearest-neighbor distance in pure crystalline Si, in agree-
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FIG. 5. Fitting for (a) nearest neighbors with back-
transformed xNN(k) and (b) next-nearest-neighbors xNNN(k).
Open circles indicate experiments; line, model calculations.

ment with the result recently reported by Woicik et al. '

for a Si-Ge alloy film with xG, =0.31, and with the previ-
ous results by Incoccia et al. ' for amorphous Si-Ge al-
loys. Next-nearest-neighbor distances for the alloys do
not vary with composition and they are unchanged from
those of pure Si, within experimental uncertainties. The
nearest-neighbor and next-nearest-neighbor coordination

TABLE III. Results of EXAFS measurements: Ge-to-Si nearest-neighbor distance r 6, s;, Ge-Ge and
Ge-Si nearest-neighbor coordination numbers NG, si and NG, G„next-nearest-neighbor distances r
next-nearest-neighbor coordination numbers Nz, s; and Nz, z„and correction to Ge-Si nearest-
neighbor distance calculated for coherency strain hr„„.
Sample

NNr Ge-si
NNNa. -s
NNN~e

NNN

NNNN
Ge-Si
NNNN~, G,

~rcorr

MBE1

2.37+0.02
3.7+0.5
0.3+0.5

3.85+0.06
11.5+2
0.5+2

0.002

CVD1

2.38+0.02
3.7+0.5
0.3+0.5

3.85+0.06
11.5+4
0.5+4

0.004

MBE2

2.37+0.02
3.7+0.5
0.3+0.5

3.85+0.06
11+2
1+2
0.005

CVD2

2.38+0.02
3.3+0.6
0.7+0.6

3.84+0.06
9+3
3+3
0.006
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concentrations. For x6, =0.3, this approach yields
hr„„=+0.012 A. Woicik et al. have taken a different
approach in examining effects of coherency strain on lo-
cal structure by considering both bond-angle distortions
and bond-length distortions. For the case of an epitaxial
film with x6, =0.3, they conclude that Ar„„=0.007 A
and that the bond angles are reduced by 56)=1.4'. As
expected, their value of b,r„„/r is smaller than our
upper bound calculation.

Now we discuss the relationship between nearest-
neighbor bond lengths and lattice parameters for substi-
tutional alloys. For a random solid solution with an aver-
age lattice which is diamond cubic, as for Sil „Ge, the
lattice parameter a, which is measured by x-ray
diffraction, is related to the average nearest-neighbor
bond length ( r &

= (&3/4)a, and

+2xo (1 xoe)roe-si (6)
FIG. 6. Near-neighbor distances r and r vs Ge con-

centration xt-, . The dashed lines are the nearest-neighbor and
next-nearest-neighbor distances for pure crystalline Si.

numbers are consistent, within their large uncertainties,
with Si and Ge forming a random solid solution, e.g.,

NN, /4 =~NNN

III. DISCUSSION

First we discuss the correction of local interatomic dis-
tances obtained from EXAFS measurements on the epit-
axial films required because the films are constrained by
their substrates. This lattice constraint causes macro-
scopic elastic strains parallel all and perpendicular ej to
the substrate, as well as corresponding local atomic
bond-length strains Ar/r and local atomic bond-angle
strains 68/e. When a film has a diamond cubic structure
and a (100) coherent growth plane with its substrate,
Ar/r can be deduced from

e~~ and e~ if the strain is as-
sumed to be homogeneous, with the same bond-length
changes Ar /r for Ge—Si, Si—Si, and Ge—Ge bonds, and
with no bond-angle changes. Neglect of bond angle
changes permits the following estimate of hr„„, an
upper bound on the actual value,

~rcorr C12

ll

=1— 1+ 4e 1—
1/2

where Ar„„=r—r', and r and r' are relaxed and con-
strained nearest-neighbor distances, respectively. c11 and
c12 are elastic constants. The corrections Ar, „for Ge-Si
nearest-neighbor distances were calculated using elastic
constants for Si and values of e~~= —(b,a/a)„&,„ from
Table II, and they are given in Table III. The largest
correction is indicated for CVD2, Ar„„=+0.006 A,
which is nevertheless smaller than other uncertainties in
our nearest-neighbor distances, 0.02 A. If full coherency
is maintained for films with larger Ge concentrations,
this type of correction will be larger for the larger Ge

where rG, G., is the average Ge-Ge nearest-neighbor bond
length for the random solid solution of composition xo,
and can be measured, for example, by EXAFS.

In general, the average bond lengths ro, G„rs; s;, and

r~, s; are expected to be composition dependent, so that
ro, o, =ro, o,(xo, ), etc. Composition dependence of
bond lengths in such systems has been discussed by Mar-
tins and Zunger, Shih et al. , and Thorpe and Garboczi
in terms of "natural" bond lengths and bond-bending and
bond-stretching force constants I3 and a. It is beyond the
scope of the present paper to compare and contrast the
various approaches to this question. In general the corn-
position dependence of a bond length depends upon P
and a. If p»a for an alloy AB, bond lengths adjust to
minimize bond-angle distortions and
& r & =rAB =rAA rBB' lf (x »p, the bond angles adjust
to accommodate the various differing bond lengths,
r~~ = r~~ = r~~, where r~~ is the natural bond length.

In the present case rz, si =rz, si is measured directly
to be 2.375+0.02 A, and we observe negligible depen-
dence +0.02 A of this bond length on composition for
xG.,=0.06—0. 18. In this range we assume that rs;si0
changes negligibly and is given by rs;s;=2. 35 A, and
that ro, G„which occurs quite infrequently, is given by

0
r 0, G, =2.45 A.

We then proceed to calculate (r(xo, ) & and a(x&, ) us-

ing Eq. (6). The resulting values of

a calc

a(xo, )
—a„

asi

are given in Table II and are shown in Fig. 3 as a dotted
line. The major uncertainty in the calculated values (see
shaded region of Fig. 3) comes from the +0.02 A uncer-
tainty in the EXAFS results for ro, s;. Within these un-
certainties, the calculated values of a (xo, ) are consistent
with the measured values, although much better agree-
ment would be obtained with ro, s; =2.395 A.

Another approach for relating nearest-neighbor bond
lengths and overall lattice parameters makes more expli-
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FIG. 7. regard's law with end-point structures pure Si
0

(rs;s;=2. 35 A) and hypothetical zinc-blende SiGe compound
with r&, s; =2.404+0.02 A (solid line) or 2.392+0.02 A (dashed
line) as discussed in the text. The shaded region gives the range
of (kala ) for +0.02 A uncertainty in rG, s; for the former case

0
(2.404 A). The latter case has a similar range of uncertainty.
Also repeated here are the actual values of (Aa/a )„&,„from Fig.
3.

0&o. s(o)—
&s s

0 0~ Ge-Si ~ Si-Si

(8)

where Martins and Zunger calculate e from bond-
stretching and bond-bending force constants for Si and
Ge, a=0.58, and Shih et al. obtain @=0.75 by neglect-
ing both bond-bending force constants and movements of
second shell neighbors. Thorpe and Garboczi argue
that the approach of Shih et a/. is fundamentally Qawed

cit use of Vegard's law, as follows. For the case of
Ge Si& „with xo, &0.5, there are two plausible ways

Ge Ge

to apply Vegard's law. The most straightforward way is
to take pure Si and pure Ge as the end-point phases.
This method involves only Si—Si and Ge—Ge bond
lengths and predicts lattice parameters for Ge-Si a11oys
which are somewhat larger than those observed experi-
mentally (see the dashed line in Fig. 3). Another ap-
proach, which involves only Si—Si and Ge—Si bond
lengths, is to take pure Si and a hypothetical zinc-blende
SiGe compound as the end-point phases. If the Ge—Si
bond length in the SiGe compound is smaller than the
average bond lengths for Si-Si and Ge-Ge in the pure ele-
ments, then Vegard*s law based on Si and Si-Ge will pre-
dict lattice parameters for Si-Ge alloys which are smaller
than the predictions from using pure Si and Ge for the
end-point phases.

Predicting the Ge—Si bond length for the SiGe com-
pound, presumed to be the natural Ge—Si bond length
rG, s;, requires extrapolation from the values of rz, s;
determined from EXAFS measurements for
0.06~x&, ~0. 18. Both Martins and Zunger and Shih
et al. give prescriptions for calculating the natural bond
length from bond-length measurements made in the di-
lute limit ro, s;(0),

and gives approximately the right answer only because of
cancellation of errors in ignoring both bond-bending
forces and movements of second shell neighbors.

Using @=0.58 and the EXAFS results for rG, s;(0)
gives ro, s; =2.404+0.02 A, and using @=0.75 gives

2. 392+0.02 A. Vegard's-law predictions for a (xo, ) with

these two values for the natural Ge—Si bond length are
shown in Fig. 7 as (b,a/a)„&, . Within the experimental
uncertainties of the EXAFS results, both agree with the
observed composition dependence of lattice parameters
for Ge-Si alloys. However, this approach is expected to
predict lattice parameters which are somewhat too small.
Even for xG, &0.5 there are expected to be some Ge—Ge
nearest-neighbor bonds as well as Si—Si and Ge—Si
bonds, since the alloys are actually disordered solid solu-
tions. Including the longer Ge—Ge bonds, as was done
in the random-solid-solution model discussed earlier,
would increase the average bond lengths and therefore
the lattice parameter with respect to those calculated
with this form of Vegard's law.

IV. CONCLUSIONS

Observed values for ro, s;(xG, ) with xo, =0.06—0. 18
were 2.375+0.02 A only 0.02-0.03 A larger than the
usual Si-Si nearest-neighbor distance in pure Si, 2.35 A.
For next-nearest neighbors surrounding Ge atoms, the

. observed distance, 3.85+0.05 A, was the same as for
pure Si, 3.84 A, within the experimental accuracy.

Effects of coherency strain on observed nearest-
0

neighbor distances were estimated to be less than 0.006-A
compression for xz, =0.18 and to be even smaller for the
more dilute samples, in all cases smaller than our experi-
mental uncertainties.

Lattice parameters for the epitaxial Ge-Si films, ob-
tained from x-ray rocking curves and corrected for
coherency strains, agreed well with lattice parameters
previously reported for bulk Ge-Si alloys. The composi-
tion dependence of lattice parameters for Ge-Si alloys
was well reproduced by a simple random-solid-solution
model using an average nearest-neighbor distance calcu-
lated from the Ge-Si nearest-neighbor distances deter-
mined from EXAFS measurements and the Si-Si and Ge-
Ge distances taken from the pure elements.

Another approach to predicting the alloy lattice pa-
rameters using Vegard's law and the natural Ge—Si bond
length, taking into account bond-bending and bond-
stretching force constants and the EXAFS result for the
Ge—Si bond length in Si-rich alloys, also gave satisfacto-
ry results.

The present work, for an isovalent substitutional im-
purity, Ge in Si, verifies that EXAFS measurements can
be used to predict the effect of the impurity on lattice pa-
rameter using procedures similar to those employed to
determine the "size effect" contribution to lattice param-
eter changes for heterovalent substitutional impurities,
As and Ga in Si, in earlier studies.
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