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Abstract

It is shown, by the combination of secondary neutral mass spectrometry (SNMS), X-ray diffraction and atom probe tomography
(APT), that the growth of a Cu3Si crystalline layer between amorphous Si and nanocrystalline Cu thin films at 408 K follows a linear
law and the shifts of the Cu3Si/Cu and Cu3Si/amorphous Si interfaces contribute approximately equally to the growth of this phase. It is
also illustrated that the Si atoms diffuse rapidly into the grain boundaries of the nanocrystalline Cu, leading to Si segregation on the outer
surface and to an increase in the overall Si content inside the Cu layer. Both the SNMS and APT results indicate that, even during the
deposition of Cu on the amorphous Si, an intermixed region (of about 10 nm thick) is formed at the interface. This readily transforms
into a homogeneous Cu3Si crystalline reaction layer which grows further, apparently following an interface-controlled linear kinetics.
� 2013 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Thin crystalline silicon (c-Si) films are key materials for
low-cost, high-efficiency solar cells [1,2], as the maximum
efficiency of amorphous silicon (a-Si) solar cells is still
restricted by the structural metastability and disorder of
the films. However, physical vapor deposited thin Si films
are usually amorphous and the crystallization temperature
of Si is very high (�1000 K), which requires expensive,
heat-resistant substrates (e.g. quartz glass) and high ther-
mal budgets. The maximum possible temperature for differ-
ent substrates can be seen, for example, in Fig. 1 of Ref. [3].
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Metal-induced crystallization (MIC) offers a way to cir-
cumvent this problem as the crystallization temperature of
Si in contact with certain metals is drastically reduced [3].
Generally, two different procedures can cause MIC. In
the case of low-melting materials like Al [4], metal-induced
bond weakening [5] destabilizes the a-Si, hence allowing
crystallization at a reduced temperature. Silicide-forming
materials such as Ni [6] may follow another route, where
the silicide acts as a template for nucleating c-Si. Cu is well
known to form multiple silicide phases [7], and previous
investigations have shown that MIC process proceeds with
the aid of Cu3Si phase [8,9].

In Li-ion secondary batteries, Si nanowires or nanorods
used as anodes possess higher specific capacity and larger
surface areas compared to traditional graphite anodes.
This results in an increased energy density and faster charg-
rights reserved.

http://dx.doi.org/10.1016/j.actamat.2013.08.021
mailto:zbalo_01@uni-muenster.de
http://dx.doi.org/10.1016/j.actamat.2013.08.021
http://crossmark.crossref.org/dialog/?doi=10.1016/j.actamat.2013.08.021&domain=pdf


(a)

(b)

Fig. 1. The raw (intensity vs. time) SNMS depth profile for the deposited
sample (45 nm Cu/120 nm a-Si//Sih100i). Three different mass ranges,
belonging to Si (28 amu), Cu (63 amu) and CuSi (28 amu + 63 amu =
91 amu) molecules, were measured. (a) The crossing of the Cu and Si
signals marks the position of the interface in the as-deposited sample. The
position of the substrate is marked by the reduction of the Si signal due to
the presence of the native oxide. The apparent Si peak at the Cu/Si
interface is a well-known artifact caused by the change of sputtering
conditions at the metal–semiconductor transition. (b) The composition
profile determined from (a) (see the text in Section 3 for details). The
vertical lines mark the interfaces.
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ing–discharging, along with a number of other advantages
[10]. On the other hand, there are also some very undesir-
able properties. The anode arrangement is brittle, due to
its fragile structure and the large volume change during
the insertion and extraction of lithium ions. Consequently
it loses its initial shape and electric properties quickly,
which shortens the lifetime of the battery. Previous investi-
gations [11,12] highlighted the possibility of increasing the
cyclic stability by complementing the structure with a cop-
per coating or the co-deposition of Si and Cu during the
fabrication of the nanorods, which, according to the
above-mentioned literature, remarkably increase the
reversible capacity and the flexibility of these power
sources.

In the case of both MIC and battery electrodes, it has
been shown by X-ray photoelectron spectroscopy (XPS)
and X-ray diffraction (XRD) that Cu3Si phase appears dur-
ing the fabrication process. Studying the formation and the
later development of this phase is therefore of technologi-
cal importance, especially at the low temperatures used in
battery-related applications. The Cu3Si phase starts grow-
ing at a very low temperature. Her et al. [9] observed the
appearance of this phase between 370 and 520 K. More-
over depositing an a-Si/Cu70Si30 layer, Ou et al. [13]
reported the formation of crystalline Cu3Si grains in the
as-prepared layer. The kinetics of the phase growth in the
450-500 K range was found to be parabolic by Chromik
et al. [14], whereas in some metal/Si systems non-Fickian
phase growth kinetics was observed [15–20].

In this article we present a study of the early stages of
the Cu3Si growth by a combination of experimental
techniques.

2. Experimental details

Bilayer structures were prepared by direct current mag-
netron sputtering at ambient temperature. First, a 120 nm
of a-Si layer was deposited onto the Sih1 0 0i substrate,
followed by a 45 nm thick Cu layer. The base pressure
in the main chamber was 5 � 10�7 mbar. Cu (99.99%)
and Si (99.999%) targets were applied as sputtering
sources. The sputtering was performed under the dynamic
flow of Ar (99.999%) at a pressure of 5 � 10�3 mbar and
the sputtering power was 40 W for each specimen and
target. All specimens were cut into half. One part was
kept as prepared, while the other could be annealed.
The sizes of the samples were much smaller than the
homogeneous zone of the magnetron sources. Accord-
ingly, a good homogeneity of the layer thickness and
structure can be expected across the whole of the speci-
men surface. The sputtering rates were calibrated from
the thickness of the previously sputtered layers using an
AMBIOS XP-1 profilometer.

The thickness of the layers in the as-prepared samples
was determined for all bilayer specimens by a combined
method [20]. First, a secondary neutral mass spectrometry
(SNMS) depth profile was taken for each sample until the
substrate was reached. This transition is marked by a dec-
rement of the Si (28 amu) signal due to the presence of the
native oxide (Fig. 1a). A second crater was then bored to
the depth where the Si and Cu (63 amu) signals became
equal. The depth of these craters was measured by the pro-
filometer. The depth of the second crater gave the thickness
of the Cu layer (41.6 ± 1.6 nm, the error representing the
standard deviation of 21 individual crater depths) and
was set as the position of the original Cu/Si interface. Sys-
tematic errors stemming from the criterion used to deter-
mine the interface position cannot exceed a few
nanometers since the Cu/Si transition zone was found to
be adequately narrow, in the range of 10 nm (Fig. 1).

In order to determine the annealing temperature and
time, we performed resistivity measurements on specimens
deposited over single crystalline Al2O3h1 11i substrates.
Sapphire was selected since it is an insulating material.
XRD patterns were taken from these samples both before
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Fig. 2. SNMS profile of a sample annealed at 408 K for 12 h. (a) Raw
intensity vs. time data. (b) A conversion to the more convenient atomic
fraction vs. depth representation. The presence of the intermetallic phase is
clearly indicated by a nearly flat region on the Cu and Si curves. The
molecular CuSi curve also possesses a plateau in the same region. Vertical
lines indicate the interfaces between the main phases in the specimen.

Fig. 3. Atomic fraction of the molecular CuSi vs. depth in an as-prepared
and an annealed (408 K, 12 h) specimen. A plateau can be seen in the case
of the annealed sample, which indicates that the Cu3Si product phase is
characterized by minor composition variations.
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and after the annealing treatments to identify the (crystal-
line) phases present in the samples.

On the basis of these test measurements, the following
heat treatments were performed: 1, 2, 4, 8, 12 and 18 h at
408 K (under a high vacuum of �10�6 mbar). In order to
mimic the heating up and cooling down effects, we also
applied a “t0” annealing treatment, i.e. we heated speci-
mens up to 408 K and then immediately let them cool
down.

In order to determine the position of the formed phase
boundaries after annealing, the heat-treated samples were
also analyzed by SNMS. As well as the mass ranges of
the Si and Cu, we also followed the CuSi (28 + 63 amu)
molecules during the depth profiling. The detected molecu-
lar CuSi originates from either sputtered CuSi molecules or
molecules formed by a later recombination of separately
sputtered Cu and Si atoms (Fig. 2). Irrespective of the ori-
gin, however, these molecules are good indicators that both
copper and silicon were present in the desorbed layer. In
order to determine the top and bottom positions of the
growing intermetallic phase, the ion bombardment was
stopped at the point where the CuSi intensity curve
dropped to half of the plateau value in the reaction layer.
The depth of the craters was determined after each individ-
ual SNMS measurement by the profilometer, just as in the
case of the as-prepared samples. Because of the destructive
nature of the SNMS analysis, separate specimens were
required for each analysis.

To reveal information concerning the interface chemis-
try, we compared the XPS spectra recorded at the interface
of the as-deposited samples to those recorded at the prod-
uct layer in the annealed counterpart samples. XPS mea-
surements were performed with a PHOIBOS HSA3500
100 R6 X-ray photoelectron spectrometer.

To gain three-dimensional information on the initial
reaction process, an atom probe study was carried out
using a laser-assisted tomographic atom probe unit [21].
This instrument has a delay line detector system with
120 mm diameter and an aperture angle of 30�. Optimal
measurement conditions were achieved using an ultraviolet
(340 nm wavelength) laser, with 220 fs pulse length,
�0.1 lJ pulse energy and 200 kHz repetition rate. For these
investigations, a layer system of 20 nm Cu/40 nm a-Si was
deposited onto field-developed tungsten tips (W). The sam-
ples were annealed in ultrahigh vacuum conditions
(p < 10�7 mbar).

3. Results

3.1. Structure characterization and phase identification

Figs. 1 and 2 show SNMS depth profiles for the as-pre-
pared and the corresponding annealed samples (408 K,
12 h), while Fig. 3 shows the broadening of the region from
which CuSi molecules are detected. The depth scale was
determined on the basis of profilometer measurements.
First, we measured the position of each main interface
(marked by vertical lines), then, as the intensities vary only



Fig. 4. X-ray diffractograms on Cu/a-Si films deposited on sapphire h111i
substrates. The gray curve corresponds to the as-deposited sample, the
black one to the annealed sample (at 408 K for 18 h). In the as-deposited
specimen only reflections belong to metallic Cu can be observed; the
h1120i peak of Cu3Si appears after the annealing treatment.
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slightly, we assumed a constant sputtering rate between
these fix points and calculated the depth scale from the
sputtering time.

To determine the relation between the measured intensi-
ties and the real concentration, one needs to know the iso-
tope abundance and the detection efficiency. Since the
latter is composition dependent, reference samples from a
wide range of concentrations are required for an exact cal-
ibration procedure. As can be seen from the raw curves of
Fig. 1a and Fig. 2a, the Cu and a-Si zones are practically
free of impurities, thus any actual detection efficiency
corresponds to that of the pure Cu or Si. Moreover, the
interfaces are quite abrupt and the Si and Cu intensity
Fig. 5. XPS spectra (showing only the range of interest) obtained in the
pure Cu layer (dark gray squares) and at the interface region (black
triangles) in an as-deposited sample, and in the Cu3Si phase of its annealed
counterpart (gray circles). The two dashed lines indicate the maximum of
the Cu 2p peak for the Cu and the Cu3Si phase. The interface region
clearly shows a chemistry more similar to the metallic Cu than to Cu3Si.
curves in the silicide phase are reasonably flat. Therefore
we only have to adjust the parameters for this phase. From
the XRD measurements (see below), we know that the
growing phase is Cu3Si; thus, the SNMS depth profile
should show the presence of this phase. This means that
the ratio of the Si and Cu composition must be adjusted
to 1:3, according to the formula Cu3Si. To check the valid-
ity of the parameters, we observed the behavior of the CuSi
molecular species. This molecule requires the presence of
both Cu and Si, and should show a maximum when the
Cu and Si compositions are identical. As can be seen in
Figs. 1 and 2, these assumptions indeed give self-consistent
results.

The Cu/Si transition zone is about 10 nm wide in the
case of the as-prepared state. This shows that, even consid-
ering technique-related effects, the Cu and Si atoms at the
interface intermixed during preparation. On the other
hand, the intensity and composition curves are smooth at
the interface, i.e. we found no trace of a Cu3Si layer, unlike
Ou et al. [13]. This is also supported by our XRD, XPS and
APT measurements, as can be seen below.

Fig. 4 shows the results of the XRD measurements per-
formed on the as-deposited sample and the annealed sam-
ple in order to reveal if a detectable CuxSiy phase exists at
the interface before heat treatment and to determine which
phase evolves during the heat treatment. In the case of the
annealed sample (18 h long heat treatment at 408 K), one
can see the h1120i peak of the newly grown hexagonal
Cu3Si phase. The same peak could not be observed for
the as-prepared state, indicating that there was only a very
small amount of Cu3Si present, if any.

Fig. 5 shows XPS spectra recorded in the pure Cu layer,
at the Cu/a-Si interfaces for the as-received sample and
inside the Cu3Si phase for the annealed counterpart sam-
ple. As can be seen, in the case of the annealed sample,
the position of the peak corresponding to the Cu 2p photo-
electrons is shifted compared to that in the pure Cu layer.
However, this shift is not present in the case of the as-
deposited sample. This indicates that the Cu3Si phase did
not exist before heat treatment, and that the examined
phase formed by the annealing process.

3.2. Phase growth

In order to investigate the kinetics of the shift of the
interfaces and the growth rate of the Cu3Si phase, an inte-
gral form of the linear parabolic growth [19,22–24],

x2

2D
þ x

K
¼ t � t0 ð1Þ

can be used, where x, t and t0 are the thickness, the time and
an integration constant, respectively. D and K, apart from a
constant factor in the order of unity [24], are the interdiffu-
sion coefficient (assumed to be composition independent) in
the phase and an effective interface rate coefficient
(K�1 ¼ K�1

1 þ K�1
2 , where K1 and K2 belong to the interfaces

bordering the phase [24]), respectively. When Eq. (1) is
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applied for the shift of an individual interface, K is obviously
the interface rate coefficient of this interface [25].

Fig. 6 shows the interface shifts as a function of anneal-
ing time obtained by a combination of SNMS and profi-
lometer measurements, as discussed in Section 2. In each
case, the depths of the produced craters were measured
by the profilometer several times and in several directions
to obtain an accurate averaged depth value. In these plots
the origin corresponds to the position of the interfaces
obtained after the t0 annealing. Interestingly, we observed
the formation of a definite thick (about 20 nm thick) Cu3Si
layer after this t0 annealing (see also below), and we always
show the growth kinetics after this “formation” period in
the kinetic plots (Figs. 6 and 7).

The 1:3 stoichiometry of Si to Cu should result in a sig-
nificantly higher Cu consumption, even with the density
differences taken into account, though, interestingly, there
is no real difference between the consumptions of Si and
Cu, or even a slightly greater loss of Si. A possible explana-
tion for this phenomenon could be the diffusion of Si into
the Cu grain boundaries, which would cause an overall
shrinkage of the Si layer and the growth of the Cu layer.
As can be seen in Fig. 2, Si shows a small segregation peak
near the surface and an easily measurable average Si com-
position throughout the whole Cu layer. The Cu composi-
tion, in contrast, falls to zero upon reaching the Si layer.
This clearly shows that the solid-state reaction is accompa-
nied by significant Si grain boundary diffusion into the Cu
layer. APT measurements carried out at somewhat higher
temperatures (438 K) support this picture (see Fig. 8).

According to Fig. 6, the shift rates of the two interfaces
are very similar (almost the same curve can be fitted to
both curves within the experimental errors), indicating that
Fig. 6. Distance of Cu3Si phase boundaries (interfaces) measured from the
position of the interfaces after the t0 annealing (see the text). Cu/Cu3Si
interface denotes the interface between Cu and Cu3Si, whereas Cu3Si/a-Si
denotes the interface between the Cu3Si and a-Si. The data points
represent average values of three successive independent measurements.
Despite the 1:3 stoichiometry, the consumption of the two materials
(surprisingly) shows no clear difference.

Fig. 7. Evolution of the total thickness of the Cu3Si layer in different
representations: (a) as a function of the square root of time, (b) as a
function of time (linear scale) and (c) as a double logarithmic represen-
tation. The solid black lines represent the straight line fitted to the data in
the given representation. Parabolic growth is clearly the worst estimate of
the measured data, while the linear growth assumption and the log–log
fitting provide comparable results. For convenience, the power function
(generalized power law of diffusion/reaction – see the text) obtained from
the fitting on the log–log scale is also plotted by dashed gray curves in (a)
and (b). The v2 values of the different fittings are also shown.
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Fig. 8. (a) Part of the reconstructed measurement from an as-prepared
specimen (Cu atoms are represented by red/lighter balls, Si atoms by blue/
darker balls). A relatively broad mixed zone is visible at the interface. The
sketch of the geometry and the position of the section in the specimen can
be seen on the right-hand side. (b) Si composition profile within the
analysis cylinder. Some inhomogeneity appears on the nanoscale;
however, we found no trace of the Cu3Si phase in the as-prepared state.
Error bars represent the sampling error of the sections. (For interpretation
of the references to color in this figure legend, the reader is referred to the
web version of this article.)
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the effective parameters determining the shift have similar
values. (The attribute “effective” is used to indicate that
at least two types of atomic jumps – grain boundary and
bulk – are involved). Nevertheless, using a linear fit, one
obtains K1 ffi K2 = (1.5 ± 0.5) � 10�13 ms�1.

Since, in the literature, the growth of the reaction layer
is usually analyzed, it was worth repeating this for the
growth of the Cu3Si phase. In Fig. 7 the thickness of the
Cu3Si phase is plotted against the square root of the
annealing time (Fig. 7a), against the annealing time
(Fig. 7b) and on a double logarithmic scale (Fig. 7c). Even
a crude comparison reveals that the assumption of a linear
growth rate offers a much better description than the stan-
dard parabolic model. The v2 value of the former model is
less than two-thirds that of the latter (35.7 and 56.4, respec-
tively). Since all fitting functions contain the same number
of free parameters, a direct comparison of these values is
possible. We can therefore conclude that we observed an
anomalous linear growth process that lies in the so-called
superdiffusive regime [26]. Our results may thus also con-
tribute to the understanding of anomalous growth pro-
cesses in solids as well as their importance in other fields
(metal–silicon contact [27], metal-induced recrystalliza-
tion). From the fitting with the linear term in Eq. (1), linear
growth (see Fig. 7b and c) with a reaction rate coefficient of
K = (3.4 ± 0.4) � 10�13 ms�1 can be deduced at 408 K. As
expected, the Cu3Si/Cu and Cu3Si/a-Si interfaces contrib-
ute equally to the growth and thus K ffi 2K1 (or 2K2) within
the error bars. This value of K can be compared to the K

value calculated from the Arrhenius function of the inter-
face reaction rate coefficient given in Ref. [19] for the
growth of Ni2Si phase on an Si wafer. This leads, at
408 K, to a coefficient of the same order of magnitude:
K = 3.25 � 10�13 ms�1.

Let us now turn back to the rapid formation of the
Cu3Si phase during t0 annealing. This suggests that some
precursor intermixed layer should exist between the Cu
and Si, even in the as-deposited case. This is also supported
by the relatively wide 10 nm thick transition zone between
the Cu and Si in the SNMS depth profiles.

Fig. 8a shows a section from an atom probe recon-
struction of a layer stack in the as-deposited state. A
mixed region containing both Cu and Si atoms is clearly
observed. Analysis cylinders were placed across the mixed
zone perpendicular to the interfaces (perpendicular to iso-
concentration contours) to determine the local concentra-
tion profiles. Fig. 8b presents such a composition profile
(the cylinder diameter was 4 nm, the section length was
0.2 nm and no moving average was used to smoothen
the data). This (local) composition profile demonstrates
a relatively broad (5–10 nm) transition that was more or
less smooth; the apparent Si and Cu richer domains
visible in Fig. 8a are already washed out. This is espe-
cially true for the macroscopic lateral sizes analyzed by
SNMS in Fig. 1.

Two distinct stages in solid-state reaction to the Cu3Si
phase clearly appear, initialized by the mixed layer formed
at deposition. First a very rapid process creates an �20 nm
thick intermetallic layer; indeed, this layer is already pres-
ent after the “t0” annealing. This is followed by a very slug-
gish growth, which proceeds linearly in time and duplicates
this initial width only after �18 h at 408 K. Here, we
focused quantitatively on the second stage, always sub-
tracting the thick, dense initial Cu3Si layer. The details of
the initial phase formation are nevertheless an interesting
research topic on their own, and will be analyzed in a sep-
arate study.

Fig. 9 shows a section of ATP measurement after
annealing (at 438 K for 5 h). In addition to the Si segrega-
tion to the free surface and the increase in the overall Si
content inside the Cu layer – in line with the SNMS results
– another Si segregation zone appears at the Cu/Cu3Si
interface. The presence of such a layer is not visible in
the SNMS measurement, even though it is quite prominent
in the APT map.
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Fig. 9. Section of an APT measurement after annealing the specimen for
5 h at 438 K. A well-developed silicide layer is visible at the bottom. (The
color coding is the same as in Fig. 8.) Si segregation to the free surface and
at the Cu/Cu3Si interface appears, as well as Si-rich stripes in the Cu (most
probably grain boundaries). A sketch of the measurement geometry is
shown on the right. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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The distribution of the Si atoms in the Cu layer is not
homogeneous: there are stripes of higher concentrations
of Si atoms, with zones of pure Cu in between. A more
careful analysis, using multiple sections from different
directions, revealed that these zones are interconnected,
thus this is a result of the Si diffusion in the Cu grain
boundaries. Accordingly, the main features of the SNMS
intensity curves are well supported by direct local analysis.

4. Conclusions

In this paper we present a study of the growth of Cu3Si
by the combined application of complementary experimen-
tal techniques: SNMS, XPS, XRD and APT. We show that
the Cu3Si is formed at the interface during annealing, but
does not exist in the as-deposited samples. Interestingly,
the growth of the Cu3Si phase is found to be anomalous,
i.e. the thickness of the growing phase increases propor-
tionally with time (superdiffusion). Furthermore, it is dem-
onstrated that the shifts of the Cu3Si/Cu and Cu3Si/a-Si
interfaces contribute to the growth of the phase approxi-
mately equally.

The correct interpretation of this anomalous growth
kinetics needs further investigations to determine whether
it is a consequence of the reaction control or the high dif-
fusion asymmetry of the components, which can also lead
to anomalous (different from parabolic) growth kinetics
[22,23].

Furthermore, the sudden formation of a relatively thick
crystalline Cu3Si layer is observed just after a heating up
and cooling down (with the maximum temperature of the
later isotherm treatments). APT analysis showed that pre-
cursors of intermixed regions (between the as-deposited Cu
and Si) are already present immediately after the deposi-
tion, and these probably can be easily transformed into a
homogeneous crystalline, rather thick Cu3Si layer in the
very early stage of aging.

Cu3Si is a possible initiator of metal-induced crystalliza-
tion and can play a role in Si-based Li-ion batteries.
Kinetic data, especially low-temperature kinetic data, of
such battery applications is therefore of great importance.
Based on the linear growth relation, we found a reaction
rate of 3.4 ± 0.4 � 10�13 ms�1, or roughly 1 nm h�1, at
408 K.
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