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Interdiffusion and thermally induced strain relaxation in strained Si, _, Ge, /Si superlattices
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Thermal interdiffusion in five-period Si/Si;_,Ge, superlattices with periods of 200 A and Ge concen-
trations between x =0.20 and 0.70 was studied using Rutherford backscattering spectrometry in
grazing-angle geometry. Both asymmetrically strained superlattices grown directly on Si, as well as
symmetrically strained superlattices grown on relaxed Si,_,Ge, buffer layers, were grown to compare
the influence of the strain distribution on the interdiffusion. Rapid thermal annealing in the temperature
range between 900 and 1125°C leads to substantial interdiffusion indicated by a significant decrease of
the amplitudes of the modulations of the backscattering yield. Interdiffusion coefficients were deduced
using a Fourier algorithm. For a given Ge concentration x, the thermal dependence of the interdiffusion
coefficients follows an Arrhenius law. The interdiffusivity increases with increasing Ge concentrations.
An average activation energy for interdiffusion of ~4.0 eV was obtained. The elastic strain and the for-
mation of crystal defects due to thermal treatment were investigated by He ion channeling.

INTRODUCTION

Epitaxial Si/Si,_,Ge, heterostructures and superlat-
tices gained widespread interest due to their promising
applications in devices, e.g., Si/Ge heterobipolar transis-
tors'~> and because of the indications for a quasidirect
band gap in short-period superlattices.*® Modulation-
doped structures, e.g., the modulation-doped field-effect
transistor attracted considerable attention because of the
most recent progress in growing relaxed Si,_,Ge, buffer
layers with low dislocation densities. Using these fully
relaxed buffer layers, record electron mobilities of more
than 100000 cm?/Vs at 4.2 K were measured.””® Re-
garding device applications, thermal stability of these
lattice-mismatched heterostructures is a critical issue be-
cause high-temperature processing steps are often una-
voidable during device fabrication. Thermal treatment
can result in interdiffusion and strain relaxation, fre-
quently by the formation of dislocations. As a conse-
quence, the electronic properties, e.g., band alignment,
may change.

The thermal stability of Si/SiGe superlattices and het-
erostructures has been investigated in several papers.
However, most of these contributions concentrate on
strain relaxation"*~'* and only few papers reported quan-
titative interdiffusion coefficients.!>"2° The effect of
coherency strain on interdiffusion is still a controversial
subject.!>!?-21 Also, the dependence on the Ge concen-
tration has hardly been investigated.

In this paper we complete our previously published
interdiffusion measurements on asymmetrically strained
superlattices with various Ge concentrations.?? Similar,
nearly symmetrically strained superlattices with Ge con-
centrations between 20% and 70% were grown on
Si;_,Ge, buffer layers in order to investigate the
influence of the elastic strain on the interdiffusion in the
two types of superlattices. Elastic strain and dislocation
densities were investigated by He ion channeling before
and after annealing.
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The epitaxial growth of Si/Si,_,Ge, heterostructures
is affected by the large lattice mismatch of 4.2% between
Si and Ge. Depending on the Ge concentration, layer
thickness, and growth temperature, the layered-structure
growth is in either a pseudomorphic or a relaxed mode.
Assuming Vegard’s law, the lattice mismatch f between
Si and Si,_,Ge,, with

f=(agg.—ag)/ag; ,

is given by f=0.042x. Due to the large lattice
mismatch, the layer thickness, up to which pseu-
domorphic structures can be grown, is restricted to the
so-called critical thickness.?>?* At low growth tempera-
tures, the layer structure is not in thermal equilibrium;
therefore, pseudomorphic, metastable layers can be
grown to thicknesses significantly larger than the
thermal-equilibrium critical-layer thickness.?> These
metastable layers can relax by formation of dislocations
during thermal treatment. Superlattices can relieve
strain in two different ways: either each layer relaxes to-
wards an unstrained state by the generation of misfit
dislocations at each interface, or the complete structure
shears as a unit with respect to the substrate by the for-
mation of misfit dislocations only at the interface to the
substrate.”® In the case of asymmetrically strained, pseu-
domorphic superlattices grown on Si, only the Si,_,Ge,
layers are strained and, in addition, the total thickness of
the superlattice is limited. The critical total-superlattice
thickness is approximately given by the critical-layer
thickness of a single alloy layer of the volume-averaged
Ge concentration of the superlattice.?’” Symmetrically
strained superlattices can be obtained using a relaxed
Si;_,Ge, buffer layer providing a virtual substrate with
an intermediate lattice parameter. Following this idea,
symmetrically strained superlattices can be grown in
which the Si and Si;_,Ge, layers are alternatingly under
tensile and compressive strain.’® For symmetrically
strained superlattices, the total critical superlattice thick-
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ness is, in principle, infinite.

The formation of crystal defects was investigated by
He-ion channeling along the [100] sample normal.
Tetragonal strain was measured by angular scanning
along (100) planes through inclined [110] orientations.?’
In the case of pseudomorphic growth, the tetragonal
strain is given by

(1+wv)

R D e W
where ¢, is the vertical strain, g the in-plane strain, and v
Poisson’s ratio. A pseudomorphic structure is character-
ized by a constant in-plane lattice parameter throughout
the whole heterostructure, where the in-plane lattice pa-
rameter is determined by the substrate or by a relaxed
buffer layer, which serves as a virtual substrate.

Interdiffusion coefficients were obtained by evaluating
the decrease of the oscillation amplitudes of the measured
Rutherford backscattering spectrometry (RBS) spectra
after annealing using a Fourier algorithm.’® In a periodic
structure with period length H, the diffusion equation

J
a_: =DV 2)
is solved by a Fourier series
c=l+EBme_(2”’”/H)2D'sin2—1mlz R (3)
2 < H

with

2/(mm), m=1,3,5,...

m~— |0 otherwise.

Except for the early stages of interdiffusion, the Fourier
series can be approximated using only the sine term and
neglecting all m =3. The interdiffusion coefficients can
be directly obtained from Eq. (3), since the annealing time
is known and the period length and Ge concentrations
before and after annealing are obtained from the ampli-
tudes of the RBS spectra.

EXPERIMENT

The investigated samples consisted of five-period, nom-
inally 100-A Si/100-A Si,_,Ge, superlattices grown on
Si(100) by molecular-beam epitaxy (MBE) at a substrate
temperature of 550°C in a Vacuum Generators VG90
MBE system. The asymmetrically strained superlattices
were grown on a 1000-A Si epilayer resulting in compres-
sively strained Si,_,Ge, layers and unstrained Si layers,
as shown in Fig. 1. The symmetrically strained superlat-
tices were grown on nearly relaxed Si;_,Ge, buffer lay-
ers, which provide a virtual substrate with an in-plane
lattice parameter between Si and Si;_,Ge,. The small
amount of residual strain in the buffer layer is sketched in
Fig. 1. In this case, the Si; _,Ge, layers are compressive-
ly strained and the Si layers are under tensile strain.
Asymmetrically strained superlattices with x =0.20,
0.27, 0.45, 0.63, and 0.70 and symmetrically strained su-
perlattices with x =0.20/y=0.18, x =0.28/y=0.23,
x =0.46/y=0.24, and x =0.68/y =0.37 were used for
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FIG. 1. Scheme of the structure and strain distribution of the
investigated (a) asymmetrically and (b) symmetrically strained
superlattices.

the interdiffusion measurements. For the investigated
asymmetrically strained superlattices, the critical single-
layer thickness is exceeded for Ge concentrations
x 20.63.'" In the case of the asymmetrically strained su-
perlattices, only the Si,_,Ge, layers are strained; also,
the total superlattice thickness has a limit, beyond which
the superlattice will relax by dislocation formation. Also,
the critical total superlattice thickness is expected to be
exceeded for Ge concentrations larger than x =0.45.%7
Annealing was performed with a SITESA RMV4 rapid
thermal processor, using 99.999% purity argon as pro-
cess gas. Rutherford backscattering and channeling were
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performed with 1.4-MeV He™" ions and a scattering angle
of 170°. In the case of grazing incidence, an angle of 81°
and a diminutive beam divergence of less than +0.015°
were chosen. Tetragonal strain was obtained from the tilt
angle between the [110] orientations of adjacent layers by
angular scans along {100} planes through [110] orienta-
tions. The measurements were performed with a high-
precision three-axis UHV goniometer.

RESULTS

Stoichiometry and layer thicknesses of the superlattices
were determined from random RBS spectra. The angle
of incidence of 81° was chosen to improve the depth reso-
lution and the sample was continuously rotated around
the sample normal during the measurement in order to
avoid channeling effects. Figure 2 shows a spectrum of
an asymmetrically strained superlattice with a Ge con-
centration of x =0.27 grown on Si(100), both before and
after rapid thermal annealing at 1025°C for 100 s. Sur-
face backscattering energies of Si and Ge for 1.4-MeV
He" ions are marked. The modulations of the back-
scattering yield from the five Si and Si,_, Ge, layers are
clearly visible. Dampening of the oscillation amplitudes
with increasing depth can be ascribed to energy strag-
gling of the ion beam. Layer thicknesses and
stoichiometry were ascertained from the width and
heights of the oscillation peaks by comparing the mea-
sured spectra with computer simulations using the
RUMP code.*!

Rapid thermal annealing leads to substantial
interdiffusion between the individual layers of the super-
lattice indicated by a significant decrease of the ampli-
tudes of the oscillations in the RBS spectrum in Fig. 2.
Interdiffusion coefficients were obtained using the Fourier
algorithm according to Eq. (3). The atomic concentra-
tions and thus the elastic strain change during
interdiffusion, therefore annealing temperatures and
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FIG. 2. Grazing-incidence random RBS spectrum of an
asymmetrically strained Si/Si, ;3Geg,; superlattice grown on
Si(100) before ( ) and after (— — —) rapid thermal anneal-
ing at 1025 °C for 100 s, showing both the Si and Ge oscillations.
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FIG. 3. Arrhenius plot of the diffusion coefficients obtained
from asymmetrically strained superlattices with different Ge
concentrations.

times were carefully adjusted in precursor experiments
such that the diffusion length was nearly the same for
samples with identical Ge concentrations. This is an im-
portant point, because otherwise the strain and concen-
tration dependence may affect the evaluation of the ac-
tivation energy for interdiffusion.!>3? The interdiffusion
coefficients obtained from several asymmetrically strained
Si/Si, _, Ge, superlattices grown on Si(100) are shown in
the Arrhenius plot of Fig. 3. The interdiffusivity in-
creases by about an order of magnitude with increasing
Ge concentration. Activation energies and preexponen-
tial factors obtained from the different asymmetrically
strained superlattices are summarized in Table I.
Channeling spectra along the [100] sample normal
were measured to get information about the presence of
crystal defects due to strain relaxation. Two [100] chan-
neling spectra of the x =0.27 and 0.63 samples grown on
Si(100) are shown together with the corresponding ran-
dom spectra in Fig. 4. The minimum-yield value of
Xmin—~4% determined close to the Si-surface peak of the
x =0.27 superlattice indicates a low dislocation density.
Also, the asymmetrically strained superlattices with
x =0.20 and 0.45 showed small y,;, values, whereas the
samples with Ge concentrations x =0.63 and 0.70 have
considerably larger channeling yields. This can be as-
cribed to strain relaxation by dislocation formation, since
the critical thicknesses®® for pseudomorphic layer growth
are exceeded. The constant slope of the channeling spec-

TABLE 1. Preexponential factors and activation energies of
interdiffusion obtained for the different asymmetrically strained
superlattices.

Ge at. % Preexponential factor Activation energy
x D, (cm?/s) E, (eV)
0.20 34 4.0+0.2
0.27 20.4 4.1+0.2
0.45 0.4 3.6+0.2
0.63 1.3 3.7+0.2
0.70 4.2 3.8+0.2
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FIG. 4. Random and [100]-aligned RBS spectra of two
asymmetrically  strained  Si/Siy;;Geg,r  ( ) and
Si/Sig 3;Gep 63 (— — —) superlattices. The low y,., value
(3.7%) of the Si/Siy 13Gey ,7 indicates a high crystalline perfec-
tion. The channeling yield of the Si/Sig 37Ge, g3 superlattice is
considerably higher because the critical-layer thickness is ex-
ceeded.

trum of the x =0.63 sample in the superlattice region
points to nearly homogeneous defect density. No addi-
tional defect peak or step is visible at the substrate-
superlattice interface, indicating strain relaxation at the
interfaces between the adjacent layers of the superlattice.

Channeling angular-yield scans were measured to
determine the tetragonal strain in the superlattices.?’
Due to the tetragonal strain, the angle between the sam-
ple normal and the inclined [110] direction is no longer
45°, but smaller in the case of compressive strain and
larger for tensile strain, respectively. This deviation can
be determined by measuring the angular dependence of
the backscattering yield along a (100) plane through a
[110] crystal axis, as shown for the x =0.45 superlattice
in Fig. 5. The minimum at the front edge of the Ge sig-
nal, which corresponds to the uppermost Sij 55Ge 45 lay-
er, is shifted by —0.7510.05° with respect to the sub-
strate minimum at 45.00°. This value is in good agree-
ment with the theoretical value of —0.85° as calculated
on the basis of the biaxial strain model,* indicating near-
ly coherent growth. A significantly larger discrepancy
between the measured angular deviation and the theoreti-
cal value and the larger x,;, values suggest significant
strain relaxation in superlattices with Ge concentrations
x >0.45.

Strain relaxation due to interdiffusion was observed in
all samples. Interdiffusion between the individual layers
causes a decrease of the concentration gradient and,
therefore, leads to strain relaxation. Strain relaxation by
formation of defects was only observed in asymmetrically
strained superlattices with x =0.27 and 0.45. These su-
perlattices show a pronounced increase of the [100] chan-
neling yield at the interface between the superlattice and
the Si(100) substrate, which is shown in Fig. 6 for the
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/ Si-substrate

FIG. 5. Angular dependence of the backscattering yield. The
shift between the midpoints of the Si and Ge angular scans indi-
cates a nearly pseudomorphic layer growth of the Si/Siy 5sGeg 45
sample.

x =0.27 superlattice after rapid thermal annealing
(RTA) at 1075°C for 25 s. This effect may be interpreted
as a relaxation of the complete superlattice with respect
to the substrate by the formation of dislocations at the in-
terface between the substrate and the superlattice, similar
to the observations reported by Bean.?® The asymmetri-
cally strained superlattices with larger Ge concentrations
have already exceeded the critical thickness by formation
of dislocations during growth. These superlattices al-
ready have a high dislocation density in the as-grown
state. No further increase of the dislocation density has
been observed by channeling measurements.

To investigate the dependence of interdiffusion on the
strain distribution, we analyzed similar superlattices,
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FIG. 6. Random and [100]-aligned RBS spectra of an
asymmetrically strained Si/Sig73Geg,; superlattice before

(——) and after RTA (— — —). The increase of the channel-
ing yield after RTA indicates the formation of crystal defects at
the substrate-superlattice interface.
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FIG. 7. Arrhenius plot of the diffusion coefficients obtained
from symmetrically strained superlattices with different Ge con-
centrations grown on Si, - ,Ge, buffer layers.

grown on relaxed Si;_,Ge, buffer layers to obtain a
symmetrical strain distribution with tensile strain in the
Si layers and compressive strain in the Si;_, Ge, layers.

The interdiffusion coefficients obtained from the symme-’

trically strained superlattices are shown in Fig. 7. De-
tailed data are given in Table II.

DISCUSSION

The interdiffusion coefficients shown in Fig. 3, obtained
from the asymmetrically strained superlattices with con-
stant Ge concentration x, follow an Arrhenius law indi-
cating the same diffusion mechanism throughout the
whole investigated temperature range. The interdiffusion
is significantly enhanced with increasing Ge concentra-
tion. A comparison between the results of the pseu-
domorphic superlattice with x =0.45 and the relaxed su-
perlattice with x =0.63 reveals no significant influence of
strain relaxation or defect formation on the
interdiffusion.  Both the absolute interdiffusion
coefficients and the activation energies (given in Table I)
of these two particular superlattices are very similar.
Surprisingly, early work on Ge self-diffusion in polycrys-
talline samples exhibited no grain-boundary contributions
to the interdiffusivity.3* Our observations are in agree-

TABLE II. Preexponential factors and activation energies of
interdiffusion obtained for the different symmetrically strained
superlattices.

Ge at. % Preexponential factor Activation energy
x Dy, (cm?*/s) E, (V)
0.20 350 4.51+0.2
0.28 580 4.41+0.2
0.46 16 4.0£0.2
0.68 4 3.7+0.2
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ment with results of van IJzendoorn et al.!? indicating no

influence of defects on the interdiffusion. The pure misfit
segments of the dislocations are confined to the interface
between individual layers and, therefore, should not pro-
vide a short-circuit path for diffusion perpendicular to
the surface. The only way would be short circuit due to
the threading segments of the dislocations. Threading
dislocation densities are usually in the order of

10°/cm?,*>% giving a mean dislocation distance of about
3000 A. This dislocation distance is large compared to
the layer thicknesses (100 A) and the diffusion length.
However, a diffusion along threading dislocations cannot
be excluded from the experimental data because of the la-
teral spatial averaging of the RBS beam spot.

A strong dependence of the Ge tracer diffusion on the
Ge concentration was observed already in polycrystalline
Si,_, Ge, alloys.’” Also, investigations of buried, single-
Si,_,Ge, layers indicated a significant enhancement of
the interdiffusion for higher Ge concentrations.’* The
interdiffusion coefficients obtained from the asymmetri-
cally and symmetrically strained superlattices (Figs. 3
and 7) exhibit a similar dependence on the Ge concentra-
tion. These results indicate that the influence of the
strain distribution on interdiffusion is only of minor im-
portance in comparison with the concentration depen-
dence. Only the symmetrically strained superlattice with
a Ge concentration of x =0.68 shows a considerably
larger interdiffusion as compared with the corresponding
symmetrically strained superlattice. As pointed out
above, dislocation effects seem to be negligible. The mea-
sured activation energies are comparable to those report-
ed by Prokes and Wang 8 who obtained an activation en-
ergy of 4.4 eV in (40- A Sig 65Geg, 35/120- A Si) superlat-
tices by x-ray diffraction. This is in contrast to
interdiffusion studies on ultrathin Si/Ge strained-layer
superlattices, composed of alternating monolayers of
pure Ge and Si with periods of 16—60 A, providing an ac-
tivation energy of about 3.1 eV, a value close to the Ge
impurity diffusion in Si.!6!7

The interdiffusion coefficient D * in the case of a binary
system is given by the Darken equation

=y[cgeDsit(1—cge)Dg. ], where cg., Dsg;, and Dg,
denote the Germanium concentration and the Si and Ge
tracer diffusion coefficients in the alloy, respectively, and
y the thermodynamic factor.’>3® For ideal solutions,
such as the isomorphous Si-Ge system, ¥ is equal to uni-
ty. Comparison of experimental data with the Darken
equation is impeded by the lack of Si diffusion measure-
ments in Si-Ge alloys. There are numerous studies of Si
and Ge self-diffusion,’®*® of Ge diffusion in Si,3**!-*? of
Si diffusion in Ge,* and of Ge tracer diffusion in Si-Ge al-
loys,”” but to our knowledge no measurements of Si
tracer diffusion in Si-Ge alloys have been reported in the
literature.

The activation energies obtained from the symmetrical-
ly strained superlattices (Table II) exhibit a decrease with
increasing Ge concentration. This tendency is in accord
with theoretical calculations of Antonelli and Bernholc*
on the self-diffusion in strained Si. These calculations
compare the activation energies for the formation of neu-
tral tetrahedral interstitials and neutral vacancies in pseu-
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domorphic, tensilely strained Si layers on Si;_,Ge,.
These conditions are similar to the investigated symme-
trically strained superlattices, where the Si layers are also
under tensile strain. The calculations show a significant
decrease of the activation energy for the formation of in-
terstitials in strained Si from 4.2 to 3.5 eV between
growth on pure Si and on pure Ge, but the formation en-
ergy of vacancies is independent on the strain. In con-
junction with these theoretical investigations, our results
suggest a diffusion mechanism by interstitials.

Strain relaxation due to interdiffusion was observed in
all samples. An increase of the [100] channeling yield, as
shown in Fig. 6, was only observed in asymmetrically
strained superlattices with Ge concentrations of x =0.27
and 0.45 at the interface between the superlattice and the
Si substrate, which can be attributed to the formation of
defects. This behavior is completely different from the
asymmetrically strained superlattices with overcritical
thicknesses (Fig. 4), which exhibit a continuous increase
of the channeling yield in the superlattice. Because of the
steplike increase of the channeling yield at the substrate-
superlattice interface, we assume that the complete super-
lattice structure relieves its strain by shearing as a unit
with respect to the substrate during annealing.
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CONCLUSIONS

Interdiffusion in both symmetrically and asymmetrical-
ly strained Si;_,Ge, /Si superlattices was measured by
Rutherford backscattering spectrometry in grazing-
incidence = geometry. Quantitative  interdiffusion
coefficients were obtained from the evaluation of the de-
crease of the modulation amplitudes of the backscatter-
ing yield after RTA in the temperature range between
900°C and 1125°C. For a given Ge concentration, the
temperature dependence of the interdiffusion coefficients
follows an Arrhenius law. In both the symmetrically and
asymmetrically strained superlattices the interdiffusivity
is strongly enhanced for higher Ge concentrations. The
influence of strain on the interdiffusion is small in com-
parison to the concentration dependence. The small de-
crease of the activation energy with increasing Ge con-
centration in the case of the symmetrically strained su-
perlattices is compatible with theoretical calculations of
the self-diffusion in tensilely strained Si.*> No significant
dependence of the interdiffusion coefficients on the pres-
ence of dislocations in relaxed structures was observed.
The average activation energy for interdiffusion is about
4.0eV.
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FIG. 1. Scheme of the structure and strain distribution of the
investigated (a) asymmetrically and (b) symmetrically strained
superlattices.
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FIG. 5. Angular dependence of the backscattering yield. The

shift between the midpoints of the Si and Ge angular scans indi-

cates a nearly pseudomorphic layer growth of the Si/Sig ssGeg 45

sample.



