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Si-Ge-Au amorphous-nanocrystalline composites are important thermoelectric materials where the Seebeck co-
efficient and the electrical conductivity may be tuned independently. There are many attempts to improve the
thermoelectric properties of Si/Ge systems by the addition of additives like Au. However, the effectiveness of
doping and the role of Au is not clear. We report on structural transformations and Au segregation behaviour in
post-annealed sputter deposited multilayer thin films using composition depth profiling, electron microscopy, x-
ray diffraction and computer simulation. We show that depending on the nominal thickness of the initial Au
layers the film volume becomes depleted of Au for thinner Au layers while for thicker Au layers the Au content is
much higher in the form of large precipitates. Due to the self-organization and changing of microstructure during
deposition the segregation of Au is very different for different Au individual layer thicknesses. In case of thinner
Au layers it is enriched at the free surface, while for thicker initial Au layer thickness gold accumulated at the
substrate. We have carried out computer simulations based on stochastic kinetic mean-field model. These cal-
culations support the argument that initial Au island size can drastically affect the dissolution/growth and
segregation behaviour of gold which can significantly influence the thermoelectric parameters. Based on these
results we provide a possible explanation to the difference in thermoelectric properties found in the literature.

1. Introduction Seebeck coefficients [4]. They have fabricated artificial superlattice

structures to enhance the thermoelectric properties, however the

Utilizing waste energy is becoming increasingly important nowa-
days. The application of thermoelectric generators is a possible solution
for this problem, however the figure of merit (ZT) values of thermo-
electric materials, which characterize the conversion efficiency, still
need improvement. Currently, ZT values of somewhat above 2 can be
achieved [1,2] in certain materials, but for more widespread applica-
tion, a wider range of materials together with the further increase of ZT
values are needed. A well-known thermoelectric material for high-
temperature applications is the Si—Ge system [3]. Within the Si—Ge
family of materials, Au doped SiGe is especially promising according to
recent results.

Okamoto et al. have found that annealed Si-Ge-Au films show high
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annealed samples showed better thermoelectric parameters despite the
transformation of the superlattice structure [5]. Formation of SiGe
nanocrystals during the annealing of Si/AuGe artificial superlattice was
reported by Takiguchi et al. together with high thermoelectric power
[6]. It was speculated that the origin of the high Seebeck coefficient is
therefore not the superlattice structure, but the nanocrystals formed
during annealing acting as quantum dots. Nevertheless, the high ther-
moelectric power has low reproducibility, and this assumption has not
been verified experimentally.

Large Seebeck coefficients were also reported in annealed Si-Ge-Au
films which contained amorphous phase together with nanocrystals
[7,8]. Utilizing phonon scattering by nanostructures to effectively lower
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thermal conductivity (x) and thus to increase ZT have been reported
several times [9-13]. Introducing nanograins in the amorphous phase
resulted in a very low thermal conductivity in the Si-Ge-Au system [14].

Nishino et al. recently studied nanograined Si-Ge-Au thin films
fabricated by Molecular Beam Deposition [15]. They annealed multi-
layer samples under nitrogen atmosphere between 300 and 500 °C for
15-30 min. Formation of SiGe and Au nanocrystals in the amorphous
matrix was observed with very low thermal conductivity but without
large Seebeck coefficient.

Recently, Sakane et al. proposed a method for the enhancement of
the thermoelectric power factor by simultaneous increase of the Seebeck
coefficient (S) and the electrical conductivity (¢) [16,17]. They have
introduced Au crystals and impurities into SiGe. They claim that they
have achieved the highest power factor (S%s) ever reported for SiGe
material [17].

It was also shown that the amount of Au changes the grain size of the
crystallized SiGe, which in turn affects thermoelectric properties [7,15].
Au also supposed to provide suitable new energy levels near the Fermi
level to control the electronic structure in a favourable way [18].

Although, as it can be seen, Si-Ge-Au films are investigated thor-
oughly in the past decades, their transformations during annealing still
have several open questions, especially regarding the formation of Au
nanograins and the distribution of Au atoms. A possible reason for this
must be the difference in the distribution of additives because of
different techniques, initial sample structures, heat treatments, etc.

In this paper, we study the structural transformations in magnetron
sputtered Si-Ge-Au multilayers during shorter and also longer anneal-
ings. For characterization we utilize depth profiling, X-ray diffraction
and transmission electron microscopy. We have also carried out com-
puter simulations to understand the experimental findings better. Our
aim is to reveal how the deposition thickness affects the distribution of
gold in the Si-Ge-Au system.

2. Experimental

Multilayered SiO/{Si/Ge/Au/Ge} x N samples were fabricated on
thermally grown Si/SiO(100 nm) substrates using DC magnetron
sputtering at room temperature. Four sets of samples have been pre-
pared with nominal structures (Fig. 1):

S1 : Si0,/{Si(6 nm)/Ge(3.5 nm)/Au(0.75 nm)/Ge(3.5 nm) } x 10
S2 : Si0,/{Si(3 nm)/Ge(1.75 nm)/Au(0.5 nm)/Ge(1.75 nm) } x 20
S3 : Si0,/{Si(6 nm)/Ge(3.5 nm)/Au(0.5 nm)/Ge(3.5 nm) } x 10

S4 : Si0, /{Si(3 nm)/Ge(1.75 nm)/Au(0.75 nm)/Ge(1.75 nm) } x 20

The amount and ratio of Si and Ge are the same for all samples, only
the thicknesses of the individual layers are halved for S2 and S4 together
with the doubling of the multilayer repetition. The thicknesses of the Au
layers are decreased to 0.5 nm for samples S2 and S4.

Elemental Si, Ge and Au targets were used as sources. The base
pressure of the sputtering chamber was 3 x 107> Pa, while the pressure
of the Ar process gas was 5 x 107! Pa. The nominal thicknesses of the
layers were calculated from the sputtering time, the deposition rates
were 0.075 nm/s for Si, 0.26 nm/s for Ge and 0.12 nm/s for Au.

The as-received samples were annealed in vacuum (p = 8 x 107> Pa)
at 440 °C for various times. The heating rate was approx. 20 °C/min,
while the cooling was not controlled, typical cooling rates were approx.
15 °C/min for the first 150 °C temperature drop. The different annealing
times are not parts of an annealing sequence of the same sample, but a
separate as-deposited sample was used for each heat-treatment.

The samples were analysed by X-ray diffraction (XRD) using Bragg-
Brentano (0-20) geometry with Cu-Ka radiation.

Composition depth profiles were obtained using secondary neutral
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Fig. 1. Visualisation of the samples.

mass spectrometry (SNMS) using a SPECS INA-X SNMS device in direct
bombardment mode. Ar plasma was produced to serve as the source of
bombarding Ar" ions and also as a post-ionization medium. The inves-
tigated (sputtered) area of the sample was 3 mm in diameter and high-
frequency 350 V bias voltage was applied for sputtering. The intensity-
composition conversion was done assuming linear dependence of in-
tensities on concentration.

Cross-sections of selected samples were investigated by transmission
electron microscopy (TEM), high-resolution transmission electron mi-
croscopy (HR-TEM) and scanning electron microscopy in transmission
mode (TSEM) to reveal their microstructure.

3. Results
3.1. Sample S1, Thicker Individual Layers

In Fig. 2, SNMS depth profiles are presented for SiO,/{Si(6)/Ge
(3.5)/Au(0.75)/Ge(3.5)} x 10 (S1) samples. Fig. 2a shows the depth
profile of the as-deposited sample, showing a clear multilayer structure.
The corresponding XRD pattern is shown at the bottom of Fig. 3. As
expected, the as-deposited sample shows an amorphous structure.

Annealing at 440 °C for 0.5 h results in the appearance of SiGe re-
flections indicating crystallization of the amorphous structure (Fig. 3),
while in the composition profiles, the multilayer structure is still
resolved throughout the whole thickness of the sample (Fig. 2b).

After 4 h at 440 °C, mixing of the individual layers (Fig. 2d) can be
seen from the depth profile, but the measurement still shows some signs
of the original multilayer structure. From the change of the XRD pat-
terns, further crystallization is apparent (Fig. 3) as the SiGe reflections
became stronger along with the appearance of a pronounced Au(111)
reflection. Additionally, a peak around 40.8° appears, which is identi-
fied as reflection from AuGe.

Annealing for 72 h at 440 °C results in enhanced mixing with still
some traces of the original structure as can be seen from the depth
profile (Fig. 2e). In the composition profile of Au, an enrichment ten-
dency at the sample/substrate interface becomes very pronounced after
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Fig. 2. Depth profiles of the SiO,/{Si(6)/Ge(3.5)/Au(0.75)/Ge(3.5)} x 10 (S1) samples after various annealing times.

72 h, though some early signs of this were already visible in the shorter
heat-treatments, too. The segregation of Au to the free surface is
considerably weaker, but clearly present, too. The XRD pattern shows
the decrease of the AuGe reflection (Fig. 3), but otherwise no other
significant change can be seen.

The sample annealed at 440 °C for 72 h was also investigated by HR-
TEM (Fig. 4). The initial layered structure was hardly visible using only
HR-TEM. Images made by using TEM/HR-TEM indicate a typical crys-
talline phase dominating the whole atomic structure. Neither the TEM
overview, nor the HR-TEM images can highlight the layered structure
after the exposure to 72 h annealing treatment at 440 °C. Electron
diffraction patterns confirmed the presence of SiGe phase.

We have also analysed the sample with EDX (energy dispersive X-ray

spectroscopy). Typical concentration profiles, together with the corre-
sponding STEM (scanning transmission electron microscopy) HAADF
(high-angle annular dark field) images, can be seen in Fig. 5. A residual
periodicity from the original layered structure can still be observed as it
was also suggested by the SNMS depth profile.

Furthermore, pronounced Au accumulations (light regions) are
visible both at the free surface and at the substrate together with large
Au precipitations in the volume of the film. The precipitates do not form
continuous layers at the interfaces, there are regions practically free
from Au. Comparing these local composition profiles with the SNMS
depth profiles, one should keep in mind that the SNMS gives an average
composition over an area of 3 mm in diameter, so the two methods
complement each other very well.
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Fig. 3. XRD patterns of the SiO»/{Si(6)/Ge(3.5)/Au(0.75)/Ge(3.5)} x 10 (S1)
samples for various annealing steps.

3.2. Sample S2, Thinner Individual Layers

In case of the sample with thinner individual layers (SiO2/{Si(3)/Ge
(1.75)/Au(0.5)/Ge(1.75)} xx 20) (S2), the as-deposited depth profile
(Fig. 6a) shows the multilayer structure, however the Au layers are
hardly resolved due to the very small nominal layer thickness. The XRD
pattern (Fig. 7) again proves an amorphous structure. The annealing
series is the same as in the previous case, as the S1 and S2 samples were
annealed together. After 0.5 h at 440 °C, the original structure is no
longer visible in the depth profile (Fig. 6b). The corresponding XRD
pattern (Fig. 7 440 °C 0.5 h) shows crystallization with the formation of
the same phases (SiGe, Au and AuGe) as in the previous case. However,
compared to the first sample (S1), the reflections are more intense, as the

Substrate
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XRD pattern is closer to the pattern of the S1 sample annealed for 4 h
(Fig. 3 440 °C 4 h). Longer annealing times (Fig. 6d, e) result in more
intense Au enrichment and aggregation at the free surface accompanied
with slight accumulation of Au at the substrate. The volume of the film
has close to homogeneous Si and Ge distribution, even after 0.5 h at
440 °C and the homogeneity further increases after longer annealing.
Comparing the final elemental distributions of the two types of samples,
it can be seen that the amounts of the segregated and aggregated Au, its
preferred interfaces and also the remaining Au contents in the bulks of
the films are different in the two cases. The two samples have different
average Au contents (~6.8 at.% in the case of S1 vs. ~8.8 at.% in the
case of S2), but this cannot explain the differences by itself, since the
overall Au content is higher in the thinner layered sample (S2), where
the bulk of the film is depleted of Au after annealing.

Examining the XRD patterns (Fig. 7) reveals that despite the fast
homogenization of the sample, as seen in the average depth profile, the
structural transformation is not finished at the second annealing step (2
h at 440 °C). After 4 h at 440 °C, the SiGe (111) reflection dominates the
pattern and reflections from Au can also be seen. Annealing for 72 h at
440 °Cresults in somewhat sharper peaks together with the increase and
sharpening of Au (111) and (200) reflections, indicating the formation
of larger, more coherent Au grains.

These samples were also investigated by HR-TEM (Fig. 8). The initial,
layered structure, even after the shorter annealing (2 h at 440 °C), is
hardly visible by using only (HR)-TEM. The crystalline phase dominates
the whole atomic structure and a large number of precipitates have
accumulated close to the SiO, substrate. Typical EDX concentration
profiles together with the corresponding STEM HAADF image can be
seen in Fig. 9. The HAADF images (in complete agreement with the
SNMS composition profiles) show intensive Au enrichment at the free
surface and to a much smaller degree at the substrate. The segregated Au
at the surface is not fully continuous; however, there are only smaller
discontinuities. In contrast, at the substrate the aggregated amount of Au
is much less and there is no similarly continuous layer, only individual
precipitates can be seen. There are only a few small Au precipitates in
the volume of the film, which is in strong contrast to the thicker layered
film (S1) (see Fig. 5), where big Au grains were found. The Si and Ge
signals show a close to homogeneous distribution, the original structure
is not visible, only some hint can be seen in Fig. 9. These findings are all
in very good agreement with the average depth profiles seen from the
SNMS measurements (Fig. 6).

Fig. 4. Bright-field (BF) cross-sectional transmission electron microscopy (TEM) overview images of SiO»/{Si(6)/Ge(3.5)/Au(0.75)/Ge(3.5)} x 10 (S1) sample
annealed at 440 °C for 72 h. The right image shows that crystalline phases dominate the sample which correspond mostly to SiGe alloys.
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Fig. 5. HAADF image and local EDX analysis of the SiO»/{Si(6)/Ge(3.5)/Au(0.75)/Ge(3.5)} x 10 (S1) sample annealed at 440 °C for 72 h. The analysis was made in
cross-sectional view parallel to the thin film growth direction. The bright parts correspond to Au precipitations.

4. Discussion

For both the S1 and S2 samples, the final states are more or less
homogeneously mixed films, in case of sample S1 with still visible traces
of the original structures. However, there are major differences between
the two sets of samples. In case of the set of samples with thicker indi-
vidual layers (S1), the majority of Au remains in the volume of the film
resulting in high average Au composition. Contrary to this, in the sam-
ples with thinner individual layers (S2), the Au content in the volume of
the film becomes low, despite the fact that the overall Au content is even
higher in this sample. Additionally, there are also differences in the
segregation behaviour of Au. In case of the thicker layered samples (S1),
the segregation is less pronounced, and it happens primarily to the
substrate rather than to the free surface of the sample. In case of the
samples with thinner individual layers (S2), the interface enrichment of
Au is very pronounced, and it happens primarily to the free surface
rather than to the substrate-sample interface.

As we could see in the HR-TEM images, in case of the thicker layered
samples (S1), the inner region of the film contains a substantial amount
of Au in the form of precipitates. These gold nanocrystals produce the
elevated Au content of the bulk of the sample in the SNMS depth pro-
files, since this technique shows a laterally averaged composition. In
case of the thinner layered samples (S2), the HR-TEM images show much
smaller Au precipitates, responsible for the lower average Au content in
the depth profiles, while the enriched region at the free surface is much
thicker and more continuous, despite the shorter annealing time (2 h for
the thinner case vs. 72 h for the thicker case).

In order to check the effect of the thickness of the Au layer on the
nucleation and growth of Au particles and the segregation tendencies of
Au, we have interchanged the Au layer thicknesses between the samples,
thus we have created the two other samples (S3 and S4) with the
following structures (paired with the S1 and S2 structures):

S1: Si0,/{Si(6 nm)/Ge(3.5 nm)/Au(0.75 nm)/Ge(3.5 nm) } x 10
S3 : Si0,/{Si(6 nm)/Ge(3.5 nm)/Au(0.5 nm)/Ge(3.5 nm) } x 10
S2 : Si0,/{Si(3 nm)/Ge(1.75 nm)/Au(0.5 nm)/Ge(1.75 nm) } x 20

S4 : Si0,/{Si(3 nm)/Ge(1.75 nm)/Au(0.75 nm)/Ge(1.75 nm) } x 20

In the S3 sample, the Si and Ge layers are thick, but the Au layers
were made thinner, like in S2. In the S4 sample, the Si and Ge layers are
thin, but the Au layers were made thicker, like in S1; i.e. the thicknesses
of Au layers were interchanged between the original S1 and S2 samples.

Fig. 10 shows the SNMS depth profile of the SiO,/{Si(3)/Ge(1.75)/
Au(0.75)/Ge(1.75)} x 20 (S4) sample annealed at 440 °C for 2 h. This is
the same annealing as in the case of thinner Au layers with the same Si
and Ge layer thicknesses (S2). It can be seen that by increasing the
thicknesses of the Au layers, the system now behaves differently. It is
now similar to the original thicker layered sample (having the same Au
thickness, Fig. 2e) instead of the sample having the same Si and Ge
thicknesses (S2) (Fig. 6¢); i.e. the bulk of the film has high Au content
and the segregation is less pronounced, furthermore, the gold accumu-
lation is significantly stronger to the substrate/sample interface. The
thicker Au layer resulted in an interface enrichment behaviour that is
more similar to the sample with the same gold layer thickness (S1) than
to the sample with same Si and Ge thicknesses but thinner Au.

We have made FIB (focused ion beam)-TSEM images of the S4 sample
shown in Fig. 11. The cross-section shows several bigger Au precipitates,
which closely resembles the cross-section images of the original thicker
layered samples (S1) (Fig. 5). The XRD patterns (not shown) of the
samples show the same phases as already described in the sec: Results
section.

In case of the SiO,/{Si(6)/Ge(3.5)/Au(0.5)/Ge(3.5)} x 10 (S3)
sample (sample with thicker Si and Ge layers but now with thinner Au),
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Fig. 6. Depth profiles of the SiO,/{Si(3)/Ge(1.75)/Au(0.5)/Ge(1.75)} x 20 (S2) samples for various annealing times.
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Fig. 7. XRD patterns of the SiO5/{Si(3)/Ge(1.75)/Au(0.5)/Ge(1.75)} x 20 (S2)
samples for various annealing steps.

the SNMS depth profile after annealing at 440 °C for 72 h (Fig. 12) shows
that the film volume is depleted of Au, which is heavily aggregated at the
free surface. Comparing the behaviour of this sample to S1 and S2, one
can see that the new sample’s segregation tendency is much closer to the
original thinner layered sample with the same Au layer thickness (S2,
Fig. 6e) than to S1 with the same Si and Ge thicknesses but with thicker
Au layers (Fig. 2e).

We have performed FIB-TSEM investigation on this sample, too
(Fig. 13). As it can be seen, the bulk of the film has much smaller Au
precipitates as compared to the original thicker layered sample (S1)
(Fig. 5) and also compared to the previous modified sample (Fig. 11).
The cross-section image resembles of the cross-section of the original
thinner layered sample (Fig. 9) where there were also only a small
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amount of precipitated Au in the volume and enrichment dominantly at
the free surface.

Summarizing the results (Fig. 14), it is easy to get to the conclusion
that the main determining factor in the segregation behaviour of Au is its
nominal layer thickness at deposition. It is not clear, though, why.

To understand this behaviour, we must look closer at what happens
during the deposition of the multilayers. In Fig. 15, the cross-section
TEM images of the original as-deposited samples S1 and S2 are shown.
In these images, we can see how the multilayers change their structure
during growth. The first few deposited layers are more or less continuous
and planar, although it is clear that moving further away from the
substrate, significant changes occur in both samples. One can observe a
kind of self-organizing process during deposition. Once the gold layer
becomes discontinuous, in the following layers prepared on top of it, the
gold is more likely to collect to places above the previous layer’s gold
islands. This forms patterns or “bands” that are perpendicular to the
substrate. A very similar behaviour has been demonstrated in Si—Ge
heterostructures [19], where the Ge quantum dots also formed chains in
the multilayer. This system is significantly more complicated, though, as
Au forms an eutectic system both with Si and Ge.

It can be seen in Fig. 15 that in case of the S1 sample (left), already
during deposition, large Au islands form in the volume of the sample.
These will become a sink for the atoms coming from the dissolving
smaller Au islands. So while the smallest Au islands dissolve, these oc-
casionally scattered large particles in the sample grow even larger
keeping the gold in the volume of the thin film. The other large sink for
the Au atoms are the layers that were continuous at the beginning, in
close proximity of the substrate. From these will form the segregates on
the substrate/sample interface.

In case of the S2 sample (right), already the first few Au layers are
showing signs of discontinuity, as the layers are made of mostly really
small Au islands. A very similar self-organizing behaviour can be seen in
this sample, too, as there are bands in the sample that are perpendicular
to the surface of the substrate and they lack Au islands. Furthermore, the
Au islands are very small in the whole volume of the sample and getting
further from the substrate the Si and Ge layers are also becoming
discontinuous. Moreover, the Si and Ge layers become indistinguishable
forming a mixture already during deposition, which will clearly affect
the diffusion of Au.

One of the main variables between the two samples are the sizes of
the initial gold islands and their variation with the distance from the
substrate surface. Comparing these results, the behaviour of the Au in
the original samples can be understood. The Au layers are non-

Fig. 8. BF-TEM images of the SiO»/{Si(3)/Ge(1.75)/Au(0.5)/Ge(1.75)} x 20 (S2) multi-layered thin film exposed to 2 h annealing treatment at 440 °C. The right

image shows that crystalline phases dominate the sample.
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Fig. 9. HAADF image and local EDX analysis of the SiO»/{Si(3)/Ge(1.75)/Au(0.5)/Ge(1.75)} x 20 (S2) sample annealed at 440 °C for 2 h. The analysis was made in
cross-sectional view parallel to the thin film growth direction. The bright parts correspond to Au precipitations.
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Fig. 10. Depth profile of SiO./{Si(3)/Ge(1.75)/Au(0.75)/Ge(1.75)} x 20 (S4)
sample annealed at 440 °C for 2 h. Compare it with S1 (Fig. 2e) and S2 (Fig. 6¢)
samples, see also text. The thicker Au layer resulted in a surface/interface
enrichment behaviour that is more similar to the sample with the same Au layer
thickness (S1) rather to the sample with the same Si and Ge thicknesses (S2).

continuous as it was confirmed by TEM. The non-continuous Au layers
form different sized clusters during deposition. Later, these clusters will
serve as the source for Au segregation and they can also act as seeds for
nanocrystal growth, if their size is above the nucleation limit. In case of
the thicker nominal thickness, probability of bigger clusters having size
above the nucleation limit is higher, thus we can expect more clusters
growing in place. This will result in higher average Au content in the
volume of the film. For the thinner nominal Au thickness, the number of
seeds capable of growing is significantly lower, thus more Au will be
able to segregate, leaving a Au poor film volume with only a few Au
grains. This corresponds well to the observed chemical distribution and
morphological images.

The reason for the different segregation tendencies is the remaining
question. As we could see, in case of the thicker nominal Au layers,
annealing at 440 °C results in a segregation tendency to the substrate/
sample interface, while the thinner nominal Au layers result in segre-
gation to the free surface. The answer to this phenomenon lies in the self-
organization behaviour during deposition.

In samples with the thicker nominal layers, the first few gold layers,
close to the substrate will form a large sink of the dissolved Au atoms.
The forming large Au nanocrystals will naturally tend to form on the
substrate/surface interface as the closest energetically favourable sur-
face. Further away from the substrate, the initial Au islands are already
large, so the main processes are not dissolution, but growth and Ostwald
ripening, resulting in large Au precipitates in the volume.

In the samples with thinner nominal layers, the Au islands in the as-
deposited sample are generally a lot smaller, meaning that growth
instead of dissolution is preferable only for a small portion of them. This
will result in the dissolution of Au in the vast majority of the sample and
after the dissolved gold segregates to one of the interfaces, the volume of
the film will maintain a low Au concentration. The gold that is contained
in the first few, more or less continuous Au layers will cause some
enrichment on the substrate/sample interface, similarly to S1, although
to a much lesser extent. Other than that, the largest individual Au islands
after deposition are generally very close to the surface of the sample.
Furthermore, the changing nanostructure during deposition means that
the individual Au, Ge and Si layers are not continuous further away from
the substrate, which provides very easy diffusion pathways for the dis-
solved Au to the free surface. This results in a much stronger enrichment
at the free surface in this case.

In addition, it should be mentioned that the annealing temperature is
above the eutectic temperatures of both Au—Si and Au—Ge systems
[20], thus there can be local liquid parts which can enhance crystalli-
zation and grain growth [7,21]. Moreover, it can also serve as the source
of mobile particles/droplets [22,23]. For these migrating particles, the
free surface serves as a sink which also increases the enrichment and
aggregation of Au at the surface.

In order to confirm that the initial Au island size can have a signif-
icant effect on the coarsening and segregation tendencies, computer
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Fig. 11. BF-FIB-TSEM cross-sections of the SiO5/{Si(3)/Ge(1.75)/Au(0.75)/Ge(1.75)} x 20 (S4) sample annealed for 2 h at 440 °C. The dark parts correspond to Au

precipitations.
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Fig. 12. Depth profile of SiO./{Si(6)/Ge(3.5)/Au(0.5)/Ge(3.5)} x 10 (S3)
sample annealed at 440 °C for 72 h. Compare it with S1 (Fig. 2e) and S2
(Fig. 6e) samples, see also text. The thinner Au layer resulted in a surface/
interface enrichment behaviour that is more similar to the sample with the
same Au layer thickness (S2) rather to the sample with the same Si and Ge
thicknesses (S1).

simulations were designed. The computer model used is an improved
version of the original SKMF (stochastic kinetic mean-field) [24] model
which includes some of the ideas from 3DO-SKMF (3D-object stochastic
kinetic modelling framework) [25,26]. Similarly to the original SKMF
model, the system has periodic boundary conditions in x and y di-
rections, but vertically the system is finite. From above, it is bounded by
an environment (E) and from below, it is connected to a substrate (S). As
we see from this work, these interfaces can be very important from
application point of view. The detailed description of the model can be
found in Appendix A.

In our calculations, we have chosen a regular solution parameter V =
0.4KkT (k is the Boltzmann-constant and T is the absolute temperature),

which means that the solubility of Au in the SiGe matrix is c.q ~ 0.89 at.
% and vice versa. To control the segregation to both of the interfaces,
op = 6s = —0.16kT was chosen which means that the segregation of
gold is energetically favourable in the system, but it happens in islands
first, without fully covering the interface, as it can be seen in the
experimental samples. The effects of changing the values of the ¢ pa-
rameters on the segregation tendencies have been demonstrated in ref.
[26].

In the simulations, the gold is initially distributed in separate layers
as non-overlapping hemispherical particles. The shape of the particles
are an estimate to the islands that form during deposition as they are
assumed to grow on a flat surface. The radiuses of the particles follow
the Irwin-Hall distribution [27] as an approximation to normal distri-
bution. The same amount of Au is used in the two cases. Although the
numbers of the particles (and consequently their sizes) are different in
the two initial states. The characteristic average lateral distance is 2.5
times larger in the first case. In practice, this means that in the sections
shown in Fig. 16, the same amount of Au in the same surface area is
distributed in 4 and 25 particles.

In Fig. 16, we show the initial states of the simulations and snapshots
after the same length of heat-treatment. The amount of material segre-
gated to the free surface and the sample/substrate interface, hence also
the amount of Au remaining in the volume of the film, depends strongly
on the initial size distribution of the gold particles. This suggests that the
different size-distributions of the gold islands, due to the different
nominal thicknesses of the sputtered gold layers, can indeed play
important roles in the different segregation behaviours observed in the
experiments.

In previous works, it became clear that the amount of Au and Au
precipitations in the crystallized Si—Ge composite is an important factor
determining the thermoelectric properties.

In case of annealed multilayer Si/Ge/Au thin film samples [15] no
increased value of S%¢ and power factor was found, although the sam-
ples showed very low thermal conductivity. The authors claimed that
the samples were prepared similarly to previous studies [7] where
increased power factor was detected. It was assumed, based on these
works, that Au is precipitated in the volume of the annealed film,
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Fig. 13. BF-FIB-TSEM cross-section of the SiO»/{Si(6)/Ge(3.5)/Au(0.5)/Ge(3.5)} x 10 (S3) sample annealed at 440 °C 72 h. The dark parts correspond to Au

precipitations.
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Fig. 14. Summary of the experimental findings.
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Fig. 15. Cross-section BF-TEM image of samples S1 (left) and S2 (right).

however it was not checked and the nominal initial thickness of the Au 5. Conclusion
layers in the multilayer structure was below 0.4 nm.

In contrast to this, high values of S?¢ were recently reported in SiGe- There are many examples in the literature for attempts to improve
Au nanocomposite materials made by suction casting [16,17]. These the thermoelectric properties of Si/Ge systems by the addition of addi-
samples contained Au precipitations at the grain boundaries in the tives like Au. However, the effectiveness of doping is not clear and
volume of the sample as proved by SEM images. sometimes controversial. We suspect that the reason for this is that the

Taking into account our experimental and computer simulation re- distribution of additives introduced by different techniques, in different
sults, a possible explanation of the different thermoelectric properties is amounts and in structures that have been often also subjected to heat
based on the difference in the distribution of Au. As we have shown, in treatment can vary dramatically. To study this, we investigated Si/Ge/
case of very thin Au layers or very small initial Au precipitations, the Au/Ge multilayers with four different individual layer thickness com-
volume of the sample tends to be depleted of Au instead of forming binations after various annealing durations at 440 °C.

precipitations, which will influence the thermoelectric parameters.
1. Rapid crystallization was observed in all samples, which resulted in
the formation of mainly SiGe and Au nanocrystalline grains. The
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Fig. 16. Simulation results of two systems initially starting with the same
amount of gold, but with different spacial distributions. In the first case, the
gold is distributed in a lower number of particles with larger radiuses, while in
the second case, the gold is in a larger number of smaller particles. The different
surface/volume ratios and curvatures of the islands lead to different dissolution
kinetics and different amounts of gold segregated to the interfaces with the
substrate and the external environment after the same amount of time. Only
sites with ¢; > 0.5 Au occupation probabilities are shown. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)

formation of these phases was accompanied with segregation and
enrichment of Au at the free surface or at the substrate.

2. Depending on the thicknesses of the Au layers, 0.5 nm or 0.75 nm,
the volume of the film was either depleted of Au, having only a few
Au grains (in samples with 0.5 nm Au layers) or showed high Au
content corresponding to several large Au precipitates (in samples
with 0.75 nm Au layers).

3. The experimental findings were interpreted by the different cluster
sizes of the initial non-continuous Au layers, having seeds above or
below the nucleation limit. Due to the changing microstructure and
self-organization during the preparation of the multilayers, the

Appendix A. Details of the Computer Model

Materials Characterization 209 (2024) 113699

segregation tendencies are also different in the case of the two
nominal Au layer thicknesses:

(a) With the thinner Au layers, the dissolution of Au is accompanied
by a strong segregation and aggregation at the free surface.

(b) With the thicker nominal Au layer thicknesses, the formation of
large Au precipitates in the volume of the film is accompanied by
gold’s segregation to the substrate/sample interface.

4. Computer simulations were used to strengthen the argument that the
initial island size can significantly affect the dissolution/growth and
segregation behaviour.

Applying our results, we have provided possible explanation to the
differences found in previous reports, based on the different distribution
of Au in the volume of samples. Our findings emphasize that the
described effects should be taken into account when tailoring sample
structures and thermal treatments, because the precipitation or segre-
gation of a third component like Au may significantly affect the desired
properties.
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In the model, we define a fixed three-dimensional lattice, in which ¢; occupation probabilities are calculated, which is the probability that site i is
occupied by an A atom (in this case this will represent gold). Consequently, in a binary model 1 — ¢; is the probability of site i being occupied by the B
matrix (which will be the Ge—Si mixture here). Similar concept has been published previously [28,29]. We would like to point the reader to works by
Gusak et al. [30,31], where the authors compare the two methods. The time evolution of ¢; is caused by the flow of occupation probability between site
i and its p; number of nearest neighbouring sites j, naturally obeying to the law of conservation of matter:

dc; i
o= 2 =l

(A1)
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The J currents are:

Jij = =ci(1—c)T0T, (A.2)

where J?;F is the current of occupation probability of A from the site i to j and, of course, that of B the other way around (as if component A would flow
from i to j and component B vice versa). I“Z!F shows the exchange rate of the occupation probability between site i and j in mean-field approximation

(similarly to the exchange probability of an A atom on site i and a B atom on site j in a kinetic Monte Carlo by exchange mechanism or by vacancy
mechanism with equilibrium vacancy compositions):

26 — (B} + E)

™MF — —
i vexp KT s

(A.3)

where v is the frequency of jump attempts, k is the Boltzmann constant, T is the absolute temperature, Ey is the saddle point energy and E2 + EJB is the
sum of the interaction energies of an A atom on site i and a B atom on site j. The interaction energies are defined as the sums of the pair interaction
energies between the atoms on the sites and the neighbouring atoms, weighted by their occupation probabilities. The total interaction energy of an X
(A or B) atom on site h (i or j) is therefore:

E = ZZ::] Cin Vax + Z:::l (1= cm) Vs + €3 Ve + 51 Vxs, (A4

where we assume that the first coordination shell of the given site consists of Z = pj + ej, + sy, sites, where Z is the coordination number of the lattice, py
is the number of bonds of site h inside the sample, e, is the number of bonds formed between an atom on site h and the environment, while sy, is the
number of bonds formed between the atom on site h and the substrate. For bonds formed within the sample, the probability of a neighbouring hn site
being occupied by material A is ¢y, and consequently the occupation probability for material B is 1 — cp,,. The substrate and the environment both are
considered as pure. Furthermore, while there are chemical interactions between them and the A and B materials of the system, no material transfer
occurs via these interfaces. Vaa, Vg and Vyp are the A-A, B-B and A-B pair interaction energies inside the sample, while V45 and Vjg are the pair
interaction energies between the substrate and A and B materials, respectively. V4 and Vgg are defined similarly for the environment.

In this work, we considered only nearest neighbour interactions and phase separation, but the model is not limited to these cases. Further
interaction shells and chemical ordering can also be taken into account [31] and even n-body potentials can be considered. Furthermore, due to the
continuous nature of the occupation probabilities on the lattice sites, composition dependent interaction energies can also be easily implemented [32]
and the method can be conveniently used as the atomic scale member of multi-scale simulations [33].

After some algebra one can find that:

pi Pi

E'+EP=M=V)Y cutM+V)>
jn=1

in=1

+2Zeg + % V(pi — p;) (A.5)

+ex (e + ) + es(si + )
+GE(€,' — ej) + 05(51' — Sj)

Where the sites inside the simulated volume and neighbouring i and j are marked by in and jn subscripts, respectively. (These do not include sites of
the environment or substrate.) The parameters in Eq. (A.5) can be estimated from either macroscopic measurements or from ab initio calculations.
These are the actual input parameters of the model to describe the system’s kinetic and thermodynamic properties:

Vasa — Ves
M= Vs
2
Vaa + Vip
V= VM e
AB 2
B :VAB+VBB
0 2
Vv, \%

o — AE; L (A.6)
Vas + Vas
852#780
;  Var—Vee M
p = AE T TBE

2 2
Vas —Vas M
os ==t -7

The ¢ and &5 parameters determine the jump frequencies along the sample-environment and sample-substrate interfaces, while the o and o5
parameters determine the segregation tendencies to these interfaces. The thermodynamic behaviour of the bulk system is described by V, that is, it
determines the values of the bulk solubilities and spinodal limits independently of the value of M. The M parameter represents the composition
dependence of the Brownian diffusion coefficients in the bulk, that is, it affects “only” the kinetic behaviour of the system.

As it was shown in ref. [33], the excess Gibbs energy in the SKMF model with a constant V is equivalent to the one received from the mean-field
approximation. Accordingly, the system’s phase diagram can be calculated by finding the compositions where the first derivative of the excess Gibbs

12
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energy is zero (these are the solubility limits) and where its second derivative is zero (giving the spinodal limits).

We solve the differential equations in dimensionless form. Energy is measured in kT units, while time is normalized by [vexp{ — 2Eo/(kT) }]*.
The reader might have been wondering already, why the name of the model contains the term “stochastic”, while no stochastic term is introduced

in the formulas. It was shown in ref. [31] that without additionally introduced stochastic noise, the model decreases the free energy of the system in a
monotonic way. This is sufficient if there are no energetic barriers in the behaviour of the system, e.g. the barrier for homogeneous nucleation.
Considering that the gold have already formed islands during the deposition, introduction of stochasticity is not necessary. If the reader is interested in
the stochastic part of the model, multiple publications are discussing it [24,30,34]. Without noise/stochasticity, the model is also useful for calculating
equilibrium states, e.g. 3D, radius- and composition-dependent phase diagrams of Janus nanoparticles [35].
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