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Structural stability of short-period Si/Ge superlattices studied with Raman spectroscopy
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Annealing effects on strain-symmetrized Si/Ge superlattices with period lengths of 6 to 24 monolayers
are studied by Raman spectroscopy in the temperature range of 430'C to 780'C. Using a simple micro-
scopic diffusion model, the evolution of the concentration profiles in the growth direction is calculated in
order to understand the energy shift of the optical phonons and the intensity decay of the folded acoustic
phonons. The analysis of the latter provides values of the interdiffusion coefficient D*. The strong
dependence of the tracer-diffusion constants on the Si concentration causes different intermixing behav-
ior of the Si and Ge layers, which results in a dependence of the interdiffusion coefficient on the degree of
homogenization. A variation of D with the average Si content and the superlattice period is obtained
and is compared to the standard interdiffusion analysis.

I. INTRODUCTION

Si/Ge superlattices (SL's) are currently of considerable
interest due to their optical and electronic properties,
especially the idea of creating semiconductors with a
quasidirect energy gap. ' The structural stability at
high-temperature treatment is crucial for the integration
of these structures into silicon technology. Furthermore,
short-period SL s offer a possibility to study diffusion pro-
cesses on a scale of the period length. Interdiffusion
coefticients, which are, in the case of the Si/Ge system, of
both technological and scientific interest, can be obtained
by analyzing the evolution of the composition profile in
the growth direction. Using x-ray diffraction, this has
been applied to crystalline ' and amorphous metals,
Si/SiGe and Si/Ge SL's, ' and turned out to be several
orders of magnitude more sensitive compared to conven-
tional diffusion measurements, such as sputtering, Ruth-
erford backscattering, and secondary-ion mass spectros-

0

copy. Diffusion lengths as low as 1 A are observable.
Hence considerably lower temperature regions can be ex-
amined. An alternative technique is Raman spectrosco-

py. We used this method to investigate Si/Ge SL's, con-
sidering the intensity decay of the folded first-order longi-
tudinal acoustic (LA&) phonon. Raman spectroscopy is a
versatile, nondestructive, and sensitive technique for
characterizing SL's. It provides detailed information on
strain, layer thickness, and interface roughness. ' The
study of these quantities during thermal treatment leads
to a more complete understanding of the intermixing pro-
cess compared to x-ray-diffraction analysis on its own.
An advantage is also the sensitivity of Raman scattering
even for very thin SL's with total thicknesses below 300
A.

The paper is organized in the following way. We first
describe the samples and the experimental setup. In Sec.
III the general features of SL Raman spectra are assem-
bled. A simple atomistic diffusion model is then present-
ed in Sec. IV, which serves to discuss the evolution of the
optical modes in Sec. V. In Sec. VI we derive
interdiffusion coeKcients from the decay of the LA,
mode and discuss their dependence on the sample param-
eters by comparison to interdiffusion theory. Finally
strain effects are considered, followed by a summary of
the results.

TABLE I. Structural data of the observed (Si) /(Ge)„superlattices. ds; and dz, are the nominal
layer thicknesses in units of monolayers.

Substrate (buffer)

(100) Ge
(100) Ge
(100) Si (90-A Ge)
(100) Si (90-A Ge)
(100) Si (Ge +3/3 SL)
(100) Si (90-A Ge)
(100) Si (90-A Ge)
(100) Si (130-A Ge)

dsi

3
3

12
8
6
5

3
7

(ML)

9
9

12
8
6
5
3
3

do, (A

300
2000

670
670
500

2300
1150
1400

Si

4.2
3.7
2.1

2.1

1.7
2.1

2. 1

1.4

Strain (%)
Ge

—0.5
—2. 1
—2. 1
—2.5
—2. 1
—2. 1
—2.8
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II. EXPERIMENT III. RAMAN SCATTERING IN SUPERI.ATTICES

The samples were grown by low-temperature
molecular-beam epitaxy (MBE) on a Ge(100) substrate or
a Si(100) substrate with periodicities of 6 to 24 mono-
layers (ML). Except for the (Si)3/(Ge)9 SL, all samples
consisted of a strain-symmetrizing Ge buffer layer fol-
lowed by the SL, thus avoiding the thickness limitation
for pseudomorphic growth. The sample parameters are
listed in Table I. For details of the growth and character-
ization, see Refs. 11 and 12.

All Raman spectra were measured in a 100-(011/011)-
100 backscattering geometry at room temperature using
the 476.5- or 514.5-nm lines of an Ar+ laser and a con-
ventional Raman setup with a triple grating spectrometer
equipped with a photodiode multichannel detector. The
spectral resolution is about 6 cm . For comparing in-
tensities of different phonon modes, a careful adjustment
of the polarization is essential, since they obey different
Raman selection rules. ' Only longitudinal modes are ob-
served.

The samples were heated by irradiation in a quartz
tube furnace under vacuum conditions. Heating and coil-
ing times were negligible compared to annealing periods.
The temperature was measured by a NiCr/Ni thermo-
couple located in the Si sample holder block.
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Raman spectra of a (Si)»/(Ge)» superlattice record-
ed with the 514.5-nm Ar line at 300 K from the as-grown sam-
ple and after 190 min of annealing at 780'C (alloylike). Si„,Cxe„
denotes the confined optical modes, LA„ the folded acoustic
modes.

A typical Raman spectrum of a (Si),2/(Ge), 2 SL is
shown in Fig. 1. In the optical-phonon region, various
peaks appear around 300 and 500 cm ' originating from
the Ge and Si layers, respectively. The splitting is due to
phonon confinement effects, since the missing overlap of
the corresponding Si and Ge optical-phonon dispersion
curves does not allow the propagation of optical phonons
in the adjacent layers. The mode energies can be ex-
plained by a simple "standing-wave" model. ' Addition-
ally the phonon positions are affected by the built-in
strain. ' The mode at 400 cm ' is attributed to a Si-Ge
alloylike vibration mainly attributable to the interface
roughness of about 2 ML, the intensity being, to first or-
der, approximately proportional to the relative number of
Si—Ge bonds. ' At 520 cm ', a Si bulk phonon originat-
ing from the substrate appears due to the small SL thick-
ness of 670 A. In the acoustic region the artificial SL
periodicity yields, via Brillouin-zone folding, as series of
approximately equidistant phonon peaks, which are indi-
cated by the arrows in Fig. 1.' Their intensities are ex-
pected to be proportional to the square of the corre-
sponding Fourier components of the composition
profile. ' Here, for example, the second-order folded
acoustic phonon, LA2, is very weak, as expected for equal
Si and Ge layer thicknesses for which the even Fourier
components disappear.

The lower spectrum was recorded after annealing the
sample for 190 min at 780'C. The changes are drastic,
demonstrating the sensitivity of the phonon spectra to in-
termixing. The disappearance of the folded LA phonons
indicates the complete alloying of the sample. A typical
three-mode behavior with phonons originating from local
Si-Si, Ge-Ge, and Si-Ge vibrations, respectively, is ob-
served. ' The small peaks observed between the Si-Si and
Si-Ge modes are also attributed to other typical alloy
modes. ' There is excellent agreement between the spec-
tra of the thermally homogenized SL's and Raman mea-
surements of corresponding liquid-phase-epitaxy (LPE)-
grown alloys. ' We therefore conclude that sufficient
thermal treatment of Si/Ge SL's yields the corresponding
alloys.

The transition between the two extreme cases of sharp
interfaces and complete intermixing is shown in detail for
a (Si)tt/(Ge)tt SL in Fig. 2. The first spectrum originates
from the as-grown sample. Starting with an annealing
step of 25 min at 657 C, the overall annealing time was
doubled between each Raman measurement, while the
temperature was kept constant throughout. The last
spectrum was recorded after a final 190-min 780 C treat-
ment. The mode intensities were normalized to the Ge
phonon, because the Raman resonance profile of this SL
mode is rather similar to the LA, and Si-Ge mode. This
is due to the less-pronounced confinement of the Ge
mode compared to the Si mode. ' As the acoustic modes
propagate throughout the whole SL and the optical
modes are more or less confined to the individual layers
or to the interface region, they are likely to have different
resonance behavior. In addition, the electron-phonon
coupling for acoustic and optical modes can be very
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correlated to the fraction of interfacial atoms within the
SL, i.e., high-quality samples are more sensitive. A de-
tailed discussion of this effect is to be published else-
where.

We observe an increase in intensity of the Si bulk pho-
non during annealing. This is due to the lower absorp-
tion of the alloy compared to the corresponding SL. At
the low-energy side of the Si phonon, an additional mode
appears during annealing, which was first reported by
Brugger et a/. ' In Fig. 3 the shift of the peak positions
of the optical modes is plotted versus the intensity ratio
of the Si-Ge mode to the Ge mode, which corresponds to
the stage of homogenization. The left-hand side corre-
sponds to the as-grown sample and the right-hand side to
the completely alloyed one. We see that the original Si
mode remains almost constant, while the additional one
starts at a considerably lower energy and then shifts up.
In contrast, the energy of the Si-Ge mode lowers finally
after a pronounced initial rise. The Ge mode shows no
splitting and the energy decreases monotonically.

FIG. 2. Series of Raman spectra of a (Si)8/(Ge)8 SL, recorded
at 514.5 nm. Starting with a 25-min anneal, the annealing time
was subsequently doubled between each spectrum.

0-~a
Si, confined

ITlode

different, which also affects the resonance behavior.
Therefore the Raman intensities of the different modes
may change, as long as the intermixing process alters the
band structure. All samples were measured at two
different laser lines in order to control these resonance
effects. For example, out of resonance we expect from
theory a monotonic intensity decay of the LA& phonon
due to its correlation with the composition profile. How-
ever, for the laser wavelength of 514.5 nm, the mode ini-
tially increases in intensity. We believe this is due to the
described resonance effect, since it depends on the excita-
tion wavelength. We found that for the LA& mode pri-
marily the early stages of mixing are affected, while in the
case of the Si-Ge mode no such effect was observed. The
acoustic phonons are discussed in detail in Sec. VI.

A characteristic feature is the pronounced rise of the
Si-Ge mode caused by an increase of the number of
Si—Ge bonds due to interface smearing. In fact, the Si-
Ge phonon turned out to be the most sensitive probe of
intermixing, as can be seen after the first heat treatment
step of the (Si)s/(Ge)s SL where the Si-Ge mode drastical-
ly increases in intensity although the rest of the spectrum
remains nearly unchanged. Due to this sensitivity and to
the absence of resonance effects, the relative Si-Ge mode
intensity is a sensitive measure of the degree of intermix-
ing. In a study of the initial stage of intermixing, a 10%
intensity rise for this sample was already observed after
only a 40-min annealing step at 450'C. The other sam-
ples showed an initial increase for temperatures of
540 —630 C. We found that the relative sensitivity to
thermal treatment during the initial stage of diffusion is
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FIG. 3. Energy shift of the optical-phonon modes of a
(Si)8/(Ge)8 SL at various stages of intermixing. The points
furthest to the left correspond to the as-grown sample and the
points furthest to the right correspond to the completely alloyed
sample. This convention is also used in subsequent similar
figures.
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IV. INTERDIFFUSION MODEL
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FIG. 4. Calculated concentration profiles of a (Si)8/(Ge)8 SL
based on an initial state with slightly smeared interfaces. f
gives the first Fourier component of the profile describing the
progress of intermixing.

In order to understand the changes of the phonon spec-
trum, we use a simple microscopic interdiffusion model
that provides the evolution of the composition profile in
the growth direction. It is assumed that every atom in
the diamond lattice can exchange its site statistically with
one of its four nearest neighbors according to a given
"hopping" probability. First the agreement of this as-
sumption with the macroscopic linear interdiffusion
theory was tested. Analyzing the composition profiles
by fast Fourier transformation (FFT), we obtain the pre-
dicted exponential decay of the square of the first Fourier
component versus time. Also the expected square depen-
dence of the decay rate on the SL period is reproduced
correctly. Furthermore, we found that the correlation
between the decay rate and the hopping probability was
linear. This means that the latter corresponds to a mac-
roscopic interdiffusion coefficient. In order to represent
the features of the Si/Ge system correctly in the follow-
ing calculations, the hopping rate was given a suitable
value dependent on the average Si content of the (100)
monolayer in which the atom is located. Thus we take
into account the fact that the tracer-diffusion constants of

both Si and Ge atoms in SiGe alloys decrease by about
six orders of magnitude as the composition is altered
from pure Ge to pure Si. ' For a given composition, the
tracer diffusivities of Si and Ge atoms are equal within
one order of magnitude, and so the hopping rate was
chosen identical for both.

Figure 4 shows the evolution of a composition profile
of a (Si)s/(Ge)s SL with an initial interface roughness of 2
ML, resulting in a rather homogen|. ous intermixing of
the Ge layers, whereas the core of the Si layers and the
sharpness of the interfaces are preserved for a long time.
So the Si layers can be treated as pure but narrowing
slabs, while the Ge layers can be treated as an alloy with
increasing Si content.

V. SHIFT OF THE OPTICAL MODES

From Fig. 4 it can be seen that the high-energy Si
mode originates from the pure Si cores while the other
peak originates from the Si—Si bonds of the Si-enriched
Ge layers. ' Optical-phonon energies of partially homo-
genized SL's are explained by the following model. Each
(100) bilayer makes an alloylike contribution to each opti-
cal mode with an energy that depends on the average Si
content of the bilayer, weighted by the corresponding
fraction of Si—Si, Si—Ge, and Ge—Ge bonds between
the constituent monolayers of the bilayer, respectively.
The dependence of the optical-phonon energies on the Si
fraction in unstrained Sioe alloys can be taken from
Refs. 15 and 18. The value of the lattice parameter is
constant throughout the whole SL and is not changed by
intermixing, whereas in the case of an unstrained alloy
the intrinsic lattice constant varies with composition.
Therefore we have to take this into account by correcting
the data for the energy shift induced by the different
strain. The strain shift taken from Refs. 14 and 23 yields
the result shown in Fig. 5, where we plot the relative
composition-dependent energy shift of the optical alloy
modes versus Si content, assuming a fixed composition-
independent lattice constant. The absolute energy scale
is given by the choice of the latter, in our case the lattice
constant of the SL. The model is only valid for advanced
stages of intermixing when the confinement effect caused
by the individual layer thickness becomes negligible. We
can now explain the upward shift of the alloylike Si-Si
mode in the course of intermixing by the change in ener-
gy of the corresponding alloy mode with increasing Si
content. The other mode remains almost constant as it
originates from the stable Si core slabs. Its slight down-
shift is probably due to the layer narrowing, which lowers
the energy of the confined modes.

The evolution of the Ge mode, on the other hand, is
quite different (Fig. 3). The energy decreases linearly
and no splitting is observed. This is due to the rather
homogeneous Si enrichment of the Ge layers, whose in-
creasing Si content shifts the mode position downwards.
The other samples show a similar behavior.

The shift of the Si-Ge mode of various samples is plot-
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FIG. 5. Composition-dependent energy shift of the optical al-

loy modes calculated from Ref. 15 assuming a composition-
independent lattice constant. The absolute energy values are
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FIG. 6. Energy shift of the Si-Ge mode of various SL's vs the
degree of intermixing.

ted in Fig. 6. Initially we see an upward shift in energy,
which in the case of the Si-rich SL s reaches a maximum,
followed by a decrease with further intermixing. The
(Si)7/(Ge)3 SL shows the largest final downshift. In par-
tially mixed SL's, two regions contribute to the SiGe
mode: the interface area and the Si-enriched Ge layers.
The energy of the first contribution cannot be described
in the simple model if the concentration profile is as
sharp as in the case of the studied samples. However, we
can assume that the energy depends only on the lattice
constant and not on the Si/Ge ratio, if the interface qual-
ity is comparable for all samples. From Fig. 5, the al-
loylike contribution can be estimated in the same way as
was performed for the Si and Ge mode previously. Al-
though we are not able to describe the initial Si-Ge mode
energy, we can understand the behavior beyond the stage
of mixing where the contribution of the Ge layers begins
to dominate. Due to the increasing Si content in the Ge
layers the mode energy shifts approximately along the
parabola until the overall average Si content of the SL is
reached. Hence in the case of the (Si)3/(Ge)9 SL the shift
is monotonic due to the average Si fraction of only 25%,
which precludes the energy maximum being reached. On
the other hand, in the more Si-rich SL s the maximum is
reached and the mode energy finally shifts downwards.
The effect is more pronounced for the (Si)7/(Ge)3 SL due
to the higher Si content. These results support the as-
sumption that the main contribution to the Si-Ge mode
in advanced stages of homogenization originates from the
Si-enriched Ge layers. In summary, we have seen that
the optical modes behave like local probes, since they are
originating from different regions of the SL, providing de-
tailed information on the development of the composition
profile.

VI. ACOUSTIC MODES

A confirmation for the calculated development of the
profile is given by the evolution of the intensity ratio be-
tv een the LA2 and LA& modes versus annealing time in

Fig. 7, where a pronounced rise is seen. We note that the
initial existence of a LA2 mode for the SL s with equal Si
and Ge layer thicknesses might be due to a slightly asym-
metric composition profile caused by different growth
conditions, on Si and Ge surfaces. Assuming a propor-
tionality of the folded acoustic-phonon intensities to the
square of the corresponding Fourier components, we can
understand the observed rise by Fourier analysis of the
profiles. This shows an initial increase of the second
Fourier component compared to the first one due to the
asymmetric evolution of the profile. Numerical solutions
of the nonlinear diffusion equation show similar results.

We observed no energy shift of the LA& mode due to
the fact that the SL periodicity is not affected by inter-
mixing. However, the LA, mode intensity is of special
interest, because an analytical correlation between the
first Fourier component 3 and the bulk interdiffusion
coefficient D can be derived:
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FIG. 7. Intensity ratio between the second- and first-order
folded acoustic phonons vs annealing time for various samples.
n /m denotes the number of Si and Ge monolayers, respectively.
The upper part shows the ratio of the square of the second and
first Fourier components vs time calculated with the model de-
scribed in the text.

where v is the gradient energy coefficient fo' is the second
derivative of the Helmholtz free energy with respect to
the composition x, k =2m. /d, where d is the SL period,
and D is the period-length-dependent interdiffusion
coefficient. From theory an exponential decay of A (t) is
expected if D is composition independent. The gra-
dient energy term is additional to the standard diffusion
analysis, and is important for large concentration gra-
dients, i.e., when the composition varies on an atomic
scale, and is due to a finite energy of mixing. Neglecting
the gradient energy we see an inverse square dependence

where D&„Ds; are the tracer diffusivities of Si and Ge
atoms in an alloy with a Si fraction x, N is the atomic
density, kz is the Boltzmann constant, and T is the abso-
lute temperature. The formula means that the
interdiffusion constant is a weighted average of the tracer
values, multiplied by a factor depending on thermo-
dynamic parameters of the system. The main contribu-
tion to I' provides the energy of mixing, as seen later.

In Fig. 8 the decay of the logarithm of the LAi mode
intensity versus annealing time is shown. The intensities
were normalized to the intensity of the Ge phonon as dis-
cussed above. We observe a near-linear decay for the
(Si)3/(Ge)9 SL's, whereas the curves of the others show a
bending. According to (1) the slope of the decay should
be proportional to D*. We believe that the deviation
from the theoretically predicted linear behavior is caused
by the above-mentioned strong composition dependence
of the tracer diffusivities. As shown in Fig. 4, initially
diffusion mainly occurs in the Ge layers where the
diffusivity is much higher, while in subsequent stages the
rising Si content slows down the diffusion process there,
resulting in a smaller decay rate of the LA, phonon. The
slowing down is more pronounced with increasing overall
Si fraction of the SL. As a consequence, we expect the in-
itial slope to be similar for samples of comparable quality
but the final slope to be Aatter for more Si-rich SL's.
Indeed we observe a more or less linear decay of the Ge-
rich (Si)3/(Ge)9 SL. Our explanation is also supported by
the simulation calculation shown in Fig. 8, where a more
pronounced slowing down of a (Si)7/(Ge)3 SL compared
to a (Si)3/(Ge)7 SL is seen. Numerical solutions of the
nonlinear diffusion equation with a composition-
dependent D qualitatively produce the same bending of
the curves. Another consequence is that the initial de-
cay rate should depend on the sample quality. We expect
the initial slope to be Aatter for SL with smeared inter-
faces. Calculations comparing a SL with an ideal
square-wave profile to one with a sinusoidal profile sup-
port this consideration. We note that the attribution of
the nonlinearity to strain relaxation effects, as discussed
for x-ray interdiffusion measurements in Refs. 8 and 27, is
not valid for our samples, because they are strain sym-
metrized, which excludes relaxation during annealing [ex-
cept for the (Si)3/(Ge)9 SL's, as will be discussed later].

These results lead to the conclusion that reasonable
interdiffusion coeKcients can only be evaluated from the
final slopes. A similar annealing experiment at 725'C
was performed after preannealing the samples until the
LA, intensity was reduced to one-quarter of its original
value, in order to ensure that we started our analysis in
the region of linearity that corresponds to the last two or
three points in Fig. 8. The decay rates thus obtained
were much more closely linear than before. From this
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FIG. 8. The left-hand side shows the intensity of the LA& mode normalized to the Ge mode vs annealing time for different SL s.
The vertical axis is scaled logarithmically. The right-hand side shows the simulated decay of the square of the first Fourier com-
ponent of a (Si)3/(Ge)7 and a (Si)7/(Ge)3 SL.

data, interdiffusion coefFicients D* are obtained accord-
ing to (1). Measurements at different temperatures al-
lowed a rough estimation of the activation energies,
which were found to be somewhere between 3 and 4 eV.
This is in agreement with the x-ray interdiffusion mea-
surements on Si/Ge SL's by Chang et al. but differs
from a similar analysis by Baribeau, Pascual, and Saimo-
to, where values between 0.5 and 2 eV are reported.
The tracer activation energies in Si-Ge alloys increase
monotonically from 3 eV in pure Ge to 5 eV in pure Si. '

The activation energy of the interdiffusion coefBcient D*
can also be derived form this data by

E,*=xE,'+(1 x)EG' ks T(F——1)/F—, (3)

where E, ', E, ' are the activation energies of Si and Ge
tracer atoms in an alloy with Si content x. In the regular
solution model fo can be approximated by
f0 =RT/(1 —x)x —21.~zV, where R is the universal gas
constant, L~ is Avogadro's number, and z is the coordi-
nation number. V is the energy of mixing, which was
measured to be +10 meV. Thus the Si/Ge system is
phase separating. The small but positive value of V
should cause a miscibility gap below 200 K (Ref. 30),
which cannot be observed due to the negligible atomic
mobility at this temperature. For x =0.5 and T =690 C,
we obtain f0' = 1.8 X 10 J/m . The temperature-
dependent term in (3) is then —26 meV. We see that the
activation energy for a phase-separating system increases,

but the amount is negligible for Si/Ge. Therefore we ex-
pect deviations from alloy tracer activation energies to be
mainly due to strain effects.

In Fig. 9, interdiffusion coefFicients of various samples
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FIG. 9. Interdiffusion coefficient vs inverse square of the SL
periodicity d. The dashed line is a guide to the eye for experi-
mental points, while the dotted line gives the theoretical first-
order approximation.
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with equal Si/Ge ratio but diff'erent period lengths, d, are
plotted versus 1/d . The values were interpolated to
690 C. We see an enhancement of D* for short periods,
whereas a minimum is observed at d = 12 ML. In a first-
order approximation from theory a linear dependence of
D* on 1/d as given in (1) is expected. Considering only
next-neighbor interactions we obtain K=Xa V/8 for a
diamond lattice in a (100) direction, where X is the atom-
ic density and a is the lattice constant. This yields
K =2.2 X 10 " J/m. Assuming a bulk value
D =2.0X10 m /s (which is D* for d~~) we ob-
tain a dependence as indicated by the dotted line drawn
in Fig. 9. The obvious deviation from linearity might be
caused by the fact that in (1) only the dependence of the
Helmholtz free energy on the second derivative of Bx
with respect to Bz is considered (x, Si fraction; z, axis in
growth direction). Taking into account additional
higher-order terms yields a nonlinear dependence of D
on 1/d . ' A period-length dependence of D* similar to
that shown here is reported for crystalline Cu/Ni sys-
tems. ' As a result we find that the period-length depen-
dence of D* is important for SL's with d & 20 ML.

In Fig. 10 we plot the values of D' at 690 C for three
SL s with similar period but different Si/Ge ratio, versus
Si content. For comparison data interpolated from Refs.
8 and 27 are also shown. We observe a decrease of D*
with increasing Si fraction. The pronounced ffuctuation
of the data is probably caused by the fact that samples
are grown on different substrates and hence may have
significantly different strain distributions and dislocation
densities. These parameters inhuence diffusion, as dis-
cussed later. Additionally, the Ge tracer-diffusion

coefficients from Ref. 27 measured in Si-Ge alloys above
1000'C are also shown. These have been extrapolated
down to 690 C. The trend is similar, whereas the devia-
tion between the absolute values is considerable. The
correlation between interdiffusion coe%cient and tracer-
difFusion coefficients is given by (2). For x =0.5 and
T=690 C, we obtain F=0.75. This means that F=1
and hence the interdiff'usion coefficient of a Si/Ge system
is simply given by a weighted average of the Si and Ge
tracer diffusivities, which are almost equal. We believe
that the large discrepancy between the bulk and
interdiffusion measurements is due to the uncertainty of
the tracer measurements (one order of magnitude) and
especially to the extrapolation over a temperature range
as wide as 400 C. In this case, smaller activation ener-
gies of the SL interdiffusion would explain the deviation.

VII. STRAIN KFI KCTS

Two (Si)3/(Ge)9 SL s with identical composition but
different thicknesses of 300 and 2000 A, respectively,
were examined. Both samples were grown on a Ge sub-
strate. Low-energy electron-diffraction (LEED) measure-
ments showed that the latter had already partially re-
laxed during growth so that the strain of the Si layers was
reduced to =3.7%, whereas the first one is pseu-
domorphic to the Ge substrate. Raman spectroscopy is
also sensitive to strain relaxation. In Fig. 11 we consider
the energy shift of the optical modes of the (Si)3/(Ge)9
SL's during the thermal treatment at 657 C. The initial
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upward shift of the energy of all modes in the case of the
thick SL is due to a further strain relaxation. Using the
strain dependence of SL phonons, ' ' we derive a nearly
complete strain relaxation after the first 25-min annealing
step, while the thin SL shows no signs of strain relaxa-
tion. This is due to the fact that the latter is thermo-
dynamically stable, whereas the other sample exceeds the
critical thickness. First hints on a relaxation of the thick
sample were obtained after a 40-min anneal at 450'C. In
addition to the energy shift, a change in the relative
optical-phonon intensities was observed. This effect is
not caused by diffusion, as a subsequent treatment at
500 C left the spectrum unchanged. We attribute it to a
relaxation process, since the Raman resonance profiles of
these (Si)&/(Ge)9 SL's show a pronounced dependence on
strain. The other SL's are stable due to the strain-
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symmetrizing buffer layer.
Despite the different strain distribution, no significant

differences in the LA, mode decay of the (Si)3/(Ge)9 SL's
were observed, as is evident from Fig. 8. Therefore, for
Ge-rich SL's with lattice constants close to Ge, strain
effects on D* seem to be negligible. In this context an
analysis formulated by Cahn is often used to treat strain
effects on diffusion. An expression +(2g /f 0 ) Y as well
as the gradient energy term in (1) is included, where g is
the relative mismatch of the lattice constants (Si/Ge sys-
tem: 0.04) and Y' is a generalized elastic modulus. This
would indicate that a lattice mismatch between the com-
ponents enhances diffusion compared to the bulk tracer
diffusivities. However, this analysis has to be handled
with care, because the elastic energy contribution to the
bulk free energy fo is not included. Work by Cook and
DeFontain, which includes this term, showed that, in
contrast, phase separation is usually favored by elastic
energy contributions. It should be pointed out that these
considerations only reflect the thermodynamic point of
view, while the infIuence of strain on Ds; and D&„ for ex-
ample on the activation energy, is not treated at all. The
enhanced interdiffusion for Si-rich pseudomorphic SL s
on the Si-substrate compared to the alloy-buffer-grown
samples seen in Fig. 10 could be due to this. Also this
analysis does not tell us anything about the infIuence of
the strain distribution on D*, which one would need to
know, for instance, in order to compare our two
(Si3)/(Ge~) SL's. Therefore, the effects of strain on the
interdiffusion processes still remain unclear both from the
theoretical and the experimental point of view and so fur-
ther studies are necessary.

VIII. SUMMARY
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In summary, we have demonstrated that Raman spec-
troscopy is a versatile and sensitive technique for charac-
terizing annealing effects on Si/Ge SL's. The energy shift
of the optical-phonon modes was explained by consider-
ing the concentration profiles calculated on the basis of a
simple microscopic diffusion model. The main feature of
the intermixing process is the relative stability of the Si
layers, whereas the Ge layers enrich homogeneously with
Si. This effect causes a dependence of the interdiffusion
on the degree of homogenization. Consequently,
interdiffusion coe%cients were derived from the final
slopes of the LA& mode decay. We also showed that the
period length dependence due to the gradient energy has
to be considered when d &20 ML. Finally, as expected
from the tracer diffusivities, a rising Si content results in
lower interdiffusion.

I ~

'Si-Ge ~ Ge
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FIG. 11. Energy shift of the optical phonons of a fully
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