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Thin film combinatorial sputter deposited Cu6Sn5 + C alloys were prepared and found to be amor-
phous and/or nanostructured upon removal from the sample preparation chamber. Samples having
approximate compositions (Cu6Sn5)1−xCx with 0.16 < x < 0.26 have been stored at room temperature
and investigated over the course of about one year using X-ray diffraction (XRD). Simple models were
employed to analyze the observed changes in the XRD patterns. Relatively sharp (nanocrystalline) com-
u–Sn alloys
anostructured materials
rystallization
-ray diffraction
i-ion battery
lectrode materials

ponents having Bragg angles corresponding to hexagonal Cu6Sn5 grew in intensity at the expense of
broader (amorphous) components as a function of time. The grain size of the nanocrystalline com-
ponents was approximately time independent, but depended on the amount of carbon present. The
logarithm of the recrystallization time and the activation energy for crystallization appeared to be lin-
early dependent on the carbon content for the composition range that has been studied, as inferred
from the Avrami–Johnson–Mehl equation. XRD patterns of samples with x > 0.26 appear to be relatively
unchanged after a period of storage at room temperature for one year.
. Introduction

Cu–Sn based materials have been considered as candidates for
se as negative electrode materials in Li-ion batteries [1–7]. Work

n this area has focused primarily on Cu6Sn5 with an effort to create
ano-sized Cu–Sn grains to help reduce damaging effects caused
y stress/strain due to volume changes upon lithiation [1,8,9]. It

s widely believed that amorphous or nanostructured materials
re best suited for high-volume expansion alloys such as Sn to
urther reduce the effects of expansion and contraction [10]. A num-
er of thin film amorphous alloy negative electrode materials for
i-ion batteries have been prepared using combinatorial sputter
eposition [9,11–14]. These include amorphous Sn–Co–C and other
n–TM–C alloys (TM = Ti, V and Cu). The addition of carbon to the
n–Co system [11] and other Sn–TM systems [13] including the
n–Cu system [9] is responsible for a marked decrease in grain size

nd an improvement in cycle life.

Combinatorial sputtering can be used for analyzing samples
overing a large range of compositions [13]. The main applica-
ion of high throughput combinatorial sputtering is composition
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optimization of systems with two or more elements. However, the
stability of such resulting alloys prepared by this method may be
a concern and should be considered in a comparison with nanos-
tructured samples prepared by other methods such as mechanical
alloying, electroplating or co-precipitation.

Sputter deposited (Cu6Sn5)1−xCx alloys with x < 0.3 have been
shown to comprise an intimate mixture of Sn, Cu and C near-
est neighbors using Sn Mössbauer spectroscopy [9]. During early
lithation/delithiation cycles the differential capacity curves of
cells utilizing these materials as anodes have been shown to be
unstable. This results from the crystallization or agglomeration
of small regions of Cu6Sn5 during Li insertion and extraction
[9]. Our investigations of these materials have suggested that
Cu6Sn5 agglomeration may also occur over extended periods of
time at room temperature in amorphous samples with low car-
bon content. The present investigation considers the long term
stability of the structure of metastable Cu6Sn5 + C samples that
have previously been reported in electrochemical studies [9].
These studies may have implications for the practical use of
these materials, in particular, but also emphasizes the importance
of stability considerations for nanostructured materials in gen-

eral.

Other Cu-based alloys have been found to recrystallize to form
larger grains of pure Cu at room temperature [15–18]. Room tem-
perature crystallization of electroplated amorphous Cu at room
temperature has been observed with initial thicknesses on the
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rder of 3 �m or less [16,17]. This crystallization process has been
eferred to as “self annealing” [17].

. Experimental methods

Pseudo-binary libraries in the Sn–Cu–C system were produced
sing combinatorial sputtering methods similar to those described
lsewhere [9,11,19]. Substrates included Si, for X-ray diffraction
XRD), compositional studies and thickness measurements, and Cu
for mass measurements). The sputtering parameters used and the
arget compositions for the library presented in this work are given
n Table 1. The library had a Cu:Sn ratio approximately the same as
n Cu6Sn5 and a varying C composition. All sputtering targets were
.08 cm in diameter. The Cu targets were cut from 0.635 cm thick
u plate (3N purity). Two 0.635 cm thick carbon sputtering targets
5N purity) were obtained from Kurt J. Lesker Co. (Clairton, PA). The
N85 purity Sn sputtering target was 0.330 cm thick and was cut
rom a Sn plate obtained from Alfa Aesar (Ward Hill, MA). All tar-
ets were mounted on 0.318 cm thick copper backing plates using
ilverTech PT-1 silver epoxy from Williams Advanced Materials.

Electron microprobe measurements were made using a JEOL
XA-8200 Superprobe to determine composition as a function of
osition across the film and to verify that the intended composition
ange was achieved. The microprobe is equipped with a translation
tage which allows the composition measurements to be matched
ith the results of the XRD measurements.

XRD measurements were performed using an INEL CPS120
urved position-sensitive detector coupled to an X-ray generator
quipped with a Cu target X-ray tube. A monochromator in the
ncident beam path limits the wavelengths striking the sample
o Cu-K� radiation (� = 1.54 Å). As the X-ray tube was quite old,
he copper target had partially sputtered through to the tungsten
upport, yielding weak WL� (� = 1.48 Å) peaks in the diffraction pat-
erns. These were not considered in the analysis of the patterns and
id not affect the results presented here. The incident angle of the
eam with respect to the sample is about 6◦, which does not sat-

sfy the Bragg condition for the (1 0 0) peaks for the Si wafer used
s a substrate allowing for zero-background measurements. The
etector measures the entire diffraction pattern between scatter-

ng angles of 6◦ and 120◦ at once using a 2400 second dwell time. A
ranslation stage allows for diffraction patterns to be obtained as a
unction of position, and hence composition, on the combinatorial
ibrary.

Samples were measured and compared at times of 1 day, 14
ays, 40 days, 80 days, 150 days and 350 days after removal from
he sputter chamber for two separate films having the same sputter
arameters, and hence the same nominal composition range, to
nsure validity of the results. In order to confirm that integrated
-ray flux did not have an effect on the sample microstructure,
ne film was X-rayed six times during one day and no measurable
hanges were observed in the patterns.

. Results and discussion

The composition of the present library as obtained from the
lectron microprobe studies is illustrated in Fig. 1 as a function
f position on the film. Measurements of the mass as a function of
osition together with the bulk densities for Sn, Cu and C, yielded
lm thickness between 540 and 580 nm. This is in close agreement
ith measured values of the film thickness as a function of posi-
ion. Film thickness is a key parameter in the rate of self annealing
f thin film amorphous samples [16,17]. Primary sources of error in
he stated compositions come from the uncertainty in the position
f the measured XRD patterns on the film as a function of time. The
ncertainty in measured position is estimated to be ±1 mm and a
Film position (mm)

Fig. 1. Atomic fraction of Sn, Cu and C for selected samples analyzed in this work as
a function of the film position.

linear fit of the composition measurements indicates that this cor-
responds to an uncertainty of about ±1 at.% carbon (i.e. x ± 0.01) in
all compositions reported here.

Fig. 2 shows selected XRD patterns of (Cu6Sn5)1−xCx with
0.18 ≤ x ≤ 0.24 as a function of time. A single composition is shown
in each row of the figure (each within the specified composition
uncertainty) with different times shown in each column as indi-
cated. Samples showed atomic agglomeration or crystallization at
room temperature as a function of time. Bragg peaks emerged near
scattering angles of 30 and 43◦, corresponding to the main peaks
found in hexagonal Cu6Sn5. As the carbon content increased from
x = 0.18 to x = 0.24, however, the crystallization process occurred
more slowly. Samples with x ≥ 0.28 (and with a film thickness near
580 nm) showed no visible changes in the diffraction patterns after
350 days.

The following simple model was utilized to extract a mean-
ingful interpretation of the diffraction patterns observed in Fig. 2.
The appearance of the broad amorphous “humps” is assumed to
be a result of Sn–Sn nearest neighbour correlations (left hump)
and Sn–Cu/Cu–Cu nearest neighbour correlations in the amorphous
alloy (right hump) [20]. For patterns which were purely amorphous
(i.e. no hexagonal Cu6Sn5 Bragg peaks), adequate fits were achieved
using two pseudo-Voigt peaks, each given by

y = h

(
s

1 + [2(� − �0)/� ]2
+ (1 − s)exp

[
−2(ln 2)(� − �0)

�

])
(1)

where 2� is the scattering angle, h is the peak area, s is the shape
factor (0 < s < 1), �0 is the center and � is the half width at half max-
imum. All the fitting parameters were free with the exception of
the pseudo-Voigt used to fit the Sn–Sn hump, for which the shape
factor was fixed to be 1 (thus making it a pure Lorentzian). In addi-

tion, a linear function was used to fit the background part of each
pattern.

For diffraction patterns which were observed to have sharp
(nanocrystalline) components, a second set of peaks were included
in the fits. In these cases all pseudo-Voigt fitting parameters for the
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Table 1
Target compositions and sputtering parameters used to produce the combinatorial Sn–Cu–C library.

Target composition range Pressure (mTorr) Power Sn (W) Power Cu (W) Power C (W)

SnxCuyC1−x−y x/(x + y) = 0.48 0 < 1 − x − y < 0.45 2.0 14 9 2 × 149
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orentzian peaks (i.e. with a shape factor of 1 in Eq. (1)) were used

o fit the crystalline components. Fig. 3 shows an illustration of the
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ig. 3. XRD patterns of a sample having an approximate composition Sn41Cu42C17.
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ated and is constant for each row. The time of each measurement is indicated and

Fig. 4 shows the grain size of the nanocrystalline components as
extracted using the Scherrer equation;

� = 0.9�

ˇcos �
(2)

where � is the X-ray wavelength (Cu-K�), � is the Bragg angle and
ˇ is the full width at half maximum (FWHM) in 2�. A shape factor
of 0.9 was used. The amorphous components do not give mean-
ingful results from the Scherrer equation. Fig. 4 shows the average
grain size as obtained from Eq. (2) for the nanocrystalline com-
ponents. The grain size for a given carbon content appears to be
virtually independent of time, and hence is independent of the rel-
ative amplitude of the nanocrystalline component. This suggests
that secondary grain growth is occurring. A similar result has been
observed in thin film Cu, as well as Au and Si, where grain aggrega-
tion appeared to occur with a bimodal grain size distribution until
completion of the transformation [17].

Fig. 5 shows the sum of the areas of the Bragg peaks of the
nanocrystalline components divided by the total peak area as a
function of time for each sample. The total peak area is simply
the sum of the areas of the nanocrystalline components plus the
amorphous components and does not include the background. The
relative area of the crystalline components increased faster as a
function of time for samples with less carbon. As carbon is added,
some fits were not improved with the addition of the crystalline
components until later times. Adding carbon therefore impedes the
crystallization process.

The kinetics of crystallization seen in Fig. 5 are well described
by commonly used models for thermally induced reactions. These
can be derived from,

dA

dt
= k(T)f (A) (3)
where A is the fraction of sample recrystallized and T is the tem-
perature. Using separation of variables, the reaction model f(A) can
be found based on a number of physical situations [21]. In this
case, crystallization of thin film Sn–Cu–C was well described by the
Avrami–Johnson–Mehl equation, as has been used to help describe
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Fig. 4. Time dependence of the grain size as extracted by the S

oom temperature crystallization of electroplated Cu trenches [16].
his is given by,

= 1 − e−ktn
. (4)

here A is the volume fraction of the crystalline component, k is
he rate constant (in units of s−n), and n is the Avrami exponent.
his can also be written in the form,

= 1 − e−(t/tR)n
. (5)

here tR is the time in which 1 − e−1 ≈ 63% of the sample has recrys-
allized. It is conceivable that not all of the sample will undergo
rystallization, or that the statistics of the XRD patterns in combi-
ation with the fitting model used do not adequately reflect the

raction of amorphous sample remaining as the amorphous com-
onent becomes small. Therefore, it is assumed that some fraction
f the sample is inert during the duration of the experiment and
q. (4) is obeyed for some fraction Amax of the components. Eq. (4)
ecomes
= Amax(1 − e−ktn
) = Amax(1 − e−(t/tR)n

) (6)

The three parameter model described by Eq. (6) was used to fit
he relative areas found in Fig. 5, and the rate constant (or tR) was
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obtained for each sample. The value of Amax was fixed at a value of
0.78 for all fits. Eq. (6) can be rearranged to obtain

−ln
(

−ln
(

1 − A

Amax

))
= −nln(t) + ln

(
1
k

)
(7)

A plot of −ln(−ln(1 − A/Amax)) as a function of ln(t), also known
as an Avrami plot, is expected to be linear with slope −n and y-
intercept ln(1/k). This can be found in Fig. 6 for the extracted values
and best fit lines presented in Fig. 5. Values for which 1 − A/Amax = 0
or 1 are not defined on the Avrami plot according to Eq. (7). There is
an approximately linear dependence of the available data (within
error) and best fit lines are generally within the bounds of the error.

Fig. 7 shows the best fit parameters in Eqs. (6) and (7) for each
of the seven samples presented in this work as a function of carbon
content. Fig. 7 shows an approximately linear dependence of the
Avrami exponent and log(tR) as a function of carbon content. The
recrystallization time tR is seen to vary between 22 and 648 days as
the carbon content is increased from 0.16 to 0.26. Fig. 7 also shows
the linear dependence of the logarithm of the rate constant as a
function of carbon content. The rate constant is commonly assumed

to be of the Arrhenius form, related to the activation energy by

k = k0e−Ea/kBT (8)

where k0 is a constant, Ea is the activation energy, kB is the Boltz-
mann constant and T is the temperature [18].

300
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Sn38Cu41C21
Sn39Cu42C19
Sn40Cu42C18
Sn41Cu43C16

s with compositions indicated. Shown is the area of the nanocrystalline components
nent present in the sample. The linear background component is not included. Best
mparison.
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Interpretation of the results presented above is as follows: Sn,
u and C atoms diffuse, which can result in the formation of
mall grained regions of Cu6Sn5. It may be assumed that carbon
s expelled from these regions and forms areas of pure carbon dur-
ng the formation of the Cu6Sn5 grains. As Fig. 4 shows, there also
ppears to be a limit to the size of the Cu6Sn5 grains as determined
y carbon content. The increasing value of the Avrami exponent n

s carbon is added may be attributed to higher rates of nucleation.
owever, the increased nucleation also comes at the expense of

ncreased crystallization time (i.e. lower growth rate) as seen in
ig. 7. For constant nucleation rate with decreasing growth rate,
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values of n are expected to be no less than 1 [22]. Values of n
less than 1 are attributed to both a decreasing growth and nucle-
ation rate. This comes as a result of the decreasing concentration
gradient of reactant (amorphous Sn + Cu + C) and product (nanos-
tructured Cu6Sn5 + C) as the sample is crystallized [22]. This effect
may explain anomalously low values of n observed for some sam-
ples presented in this work. Since the temperature dependence
of the rate constants were not measured, it is not possible to
quantify the activation energies due to the unknown frequency
factor k0. However, comparison of the functional form of Eq. (8)
with Fig. 7 shows that the activation energy (as inferred by the
Avrami–Johnson–Mehl equation) is approximately linearly depen-
dent on the atomic fraction C in thin film amorphous Cu6Sn5 + C
samples.

4. Conclusion

Combinatorial sputtering is a useful method for characterizing
samples over a wide range of compositions. However, intimate mix-
tures of atoms resulting from many layers of monolayer deposition
can result in the formation of metastable phases in thin film sam-
ples. As has been demonstrated, the structure of these metastable
mixtures may change as a function of time even at room tempera-
ture.

A simple model was used to characterize the crystallization
process. XRD patterns were modeled as a mixture of amorphous
regions plus crystalline regions. Using the Scherrer equation it
was found that the increasing amplitude of the crystalline regions
was associated with an approximately constant grain size. Bimodal
grain size distribution has also been observed for the room tem-
perature recrystallization of Cu [17]. Finally, it was inferred that the
activation energy is roughly linear as a function of carbon content in
the samples studied in the present work. This observation suggests
one possible mechanism by which amorphous or nanostructured
Sn–TM–C thin films, or other metastable alloys, may crystallize over
extended periods of time at room temperature.
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