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Silicon is the heart of modern electronics and due to it is high theoretical storage capacity it also attracted
much attention as a possible anode material for the next generation Li-ion batteries. Heat conduction is
one of the major properties in the development of Li-ion batteries for energy conversion systems and it is
of paramount importance to have comprehensive understanding of heat dissipation on the scale of elec-
trochemical storage device. In this work we report ex-situ study of nanoscale thermal transport and elas-
tic properties of lithiated amorphous Si (a-Si) anode films using picosecond time-domain
thermoreflectance (TDTR). Radio frequency (rf) magnetron sputtering was used to deposit a �330 nm
thick a-Si films on glass substrate. Near-surface nanoscale thermal transport measurements show 40%
increase in thermal conductivity of a-Si upon electrochemical lithiation reaching up to 2.2 Wm-1K�1.
This sizeable increase might be due to Li+ ion-mediated heat conduction during lithiation process. The
standard deviation of measured thermal conductivity was slightly higher likely due to inhomogeneous
lateral and cross-plane Li+ ions distribution in the sub-surface film region. Nanosecond laser pulsed
induced surface acoustic waves (SAWs) measurements showed the decrease in Young’s modulus after
lithiation on nanometre scale, which is attributed to volumetric expansion of Si upon Li+ ions insertion.
� 2019 Elsevier Ltd. All rights reserved.
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1. Introduction

Rechargeable Li-ion batteries (LIBs) have found a wide range of
applications as a prevailing source for portable electronic devices
and they are promising candidates as an energy source in the
future electrical vehicles and energy storage systems for alterna-
tive energy applications [1,2]. Currently plenty of research has
been devoted to improving power and cycle lifespan of materials
employed in Li-ion batteries. However, the safety issue is still
unsolved in these devices and it is mostly related with overheating
problem [3]. Electrical conduction properties in these systems are
strongly affected by thermal transport and mechanical properties
during electrochemical cycling. During the electrochemical charg-
ing and discharging processes the heat is generated when the cur-
rent flows through the internal resistance of the battery [4]. This
overheating will affect the performance, lifespan and safety of
the battery [5]. If the overheating, which leads to poor heat dissi-
pation, is not properly managed, serious safety problems might
take place and even lead to battery explosion [3]. Therefore, ther-
mal management in these systems is very important to ensure
operation safety and to control the electrical properties of these
storage devices.

One of the key thermodynamic properties of material is its ther-
mal conductivity which is strongly dependent on the direction of
heat propagation in anisotropic systems. Several experimental
results have been reported on thermal conductivity measurements
of Li-ion materials including electrodes [6–8], electrolyte [9] and
separators [10–11] along the in-plane and cross-plane directions.
Different thermal property measurement techniques were
employed such as time domain thermoreflectance (TDTR) [8], heat
flowmeter [9], DC heating method [10] and laser flash method [7].

In this work we investigated the variation of cross-plane
thermal conductivity of lithiated and non-lithiated amorphous Si
stems.
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(a-Si) thin films using TDTR technique. The main advantage of
TDTR is ability to probe thermal properties variations on sub-
surface nanometer depth scale where electrochemical and thermal
processes couple to each other.

Silicon is a very attractive anode material in LIBs because of
potentially large achievable electrical capacity of 3700 mAhg�1

[12] that is ten times more than that for graphitic carbon, which
is conventionally used as an anode material in LIBs. Moreover, Si
is relatively abundant, low cost and non-toxic material [13]. Specif-
ically, a-Si is known to be more desirable for anode material than
crystalline Si (c-Si) because the former can experience uniform
lithiation avoiding the extensive formation of particle cracks
[14,15] while the latter displays thin film thermal anisotropy and
strong dependence on phonon mean free path [16]. Despite
numerous studies on improvement of Si anode, the poor cycling,
material degradation, structural and morphological changes
remain major issues for the commercialization of Si-based anodes
[17,18]. Besides, thermal overheating can also accelerate degrada-
tion process of the Si anode material. To the best of our knowledge,
there have been no prior studies of thermal transport and mechan-
ical properties variation in a-Si films during lithiation.

Although silicon exhibits great potential, this material suffers
from enormous volumetric change during the electrochemical
cycling/recycling processes, which in turn leads to alterations in
mechanical and electrical properties. The volume deformation
can be on the order of 300% [19] forming cracks and causing failure
of electrodes and vanishing of electrical capacity. Different theoret-
ical models have been developed to explain variation in elastic
properties of lithiated and delithiated Si electrodes [20,21] includ-
ing density functional theory (DFT) studies [22] demonstrating
elastic softening of amorphous a-Si and crystalline c-Si electrodes.
Studies also show the importance of assessment of Young’s modu-
Fig. 1. (a) AFM image of pristine Si film, (b) SEM image of Si particles, (c) TEM pattern
lus in stress evolution of electrodes as a function of Li-ion concen-
tration [23]. Therefore it is also crucial to investigate mechanical
strength variation in lithiated Si films in addition to their thermal
transport and electrical properties. In this work we employ
nanosecond laser generated surface acoustic waves (SAWs) to
measure elastic properties of lithiated samples.

2. Experimental part

2.1. Material fabrication and characterization

The �330 nm thick silicon thin films were deposited on the top
of thin copper layer (60 nm) which was used as a current collector
on a glass substrate using RF magnetron sputtering system (LAB-18
from Kurt J. Lesker Company) using the n-type Si (<0.1X∙cm,
99.999%) and Cu (99.99%) targets. The total thickness of Cu and
Si film was measured using profiling approach by atomic force
microscopy (AFM, C3M SmartSPM-1000 from AIST-HT). Fig. 1a
shows the AFM image of Si thin film, where it could be seen that
sample surface has roughness <20 nm. Scanning electron micro-
scopic (SEM, Crossbeam 540 from Zeiss) imaging enabled investi-
gating the morphology of the particle. From Fig. 1b, the spherical
shape of the Si particles with the average size lower than 100 nm
can be observed, besides each such particle is a cluster built by
many smaller particles. According to transmission electron micro-
scopy (TEM, JEM-2100 from JEOL Ltd.) shown in Fig. 1c, the
obtained Si thin film does not exhibit the crystal patterns indicat-
ing its complete amorphous phase The electrochemical lithiation of
studied films was performed in the beaker cell (see Fig. 1d) with
lithium metal as an opposite electrode and source of Li+ ions,
lithium hexafluorophosphate (LPF6) liquid electrolyte in the solu-
tion of ethylene, diethyl carbonate and ethyl methyl carbonates
of pristine Si thin film and (d) beaker cell with Si anode immersed into electrolyte.
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(EC:DC:EMC = 1:1:1, by vol.). The lithiation was performed gal-
vanostatically on battery tester BT-2000 (Arbin Instruments) using
a constant current of 25 mA up to a lower cut-off potential of 0.3 V
and 0.05 V which is enough for the formation of higher lithiated
phases of LixSi alloys [24].

2.2. Experimental setup

A picosecond TDTR setup was used to study heat transfer in
non-lithiated and lithiated silicon anode thin film samples. This
technique is a non-contact ultrafast optical pump–probe method
that enables measuring thermal conductivity of thin films, single-
and multi-layered structures and near-surface regions of bulk
materials with nanoscale depth resolution and thermal conduc-
tance across dissimilar interfaces [25,26,33]. The schematic
diagram of our constructed TDTR setup is shown in Fig. 2. A
mode-locked Ti:sapphire laser (Spectra Physics, Tsunami) produc-
ing 80 fs pulses of 782 nm laser radiation at repetition rate of
80 MHz is split into two paths: one of which is a ‘‘pump” beam,
depositing heat into the sample, while the second one is a ‘‘probe”
beam which measures optical reflectivity from the sample under
thermal excursions. The reflected probe is directed to the photode-
tector employing lock-in amplifier synchronized to the pump
beam’s modulation frequency set by the electro-optic modulator
and function generator.

Fig. 3 shows obtained experimental data of non-lithiated (black
line) and lithiated (red line) silicon. This is typical thermore-
flectance signal which displays the change in optical reflectivity
with temperature. The inset of Fig. 3 shows zoomed transient
region up to 80 ps, which demonstrates picosecond acoustic echo
to determine the thickness of Al layer. When pump beam heats
the Al it leads to thermal stress which in turn excites acoustical
Fig. 2. TDTR exper
waves inside the metal. By knowing the arrival time of these waves
and speed of sound of Al layer, we can calculate its thickness.

Sample surface rapidly heats in about one picosecond, and then
slowly cools down in a few nanoseconds. Immediately after the
thermoreflectance signal maximum is reached, the fluctuations
occur due to the reflection of acoustic waves generated by the
pump laser from the interface �60 nm thick heat-transducing alu-
minium thin film and underlying sample material itself, i.e. silicon
anode film as shown in Fig. 3. The first 3 ns of thermoreflectance
signal is recorded, due to motorized time delay set between the
pump and probe beams during the experiment. Thus, the intensity
of the probe laser beam reflected from the sample surface is mea-
sured several picoseconds before heating, at the very beginning of
heating (at t = 0) and during the transient decay, during the first
3 ns. The transient decay of the change in thermoreflectance is
then fitted to a theoretical thermal diffusion model to accurately
determine thermal transport properties of the material under
study [25].

The nanosecond laser pulse-generated SAWs with their piezo
sensor detection (LaWave system Fraunhofer IWS) was employed
to measure the elastic properties of nanoscale-thick unlithiated
and lithiated thin films of amorphous silicon anodes on crystalline
silicon substrates. The purpose of the measurements was to deter-
mine the effect of lithiation on the elastic properties of amorphous
silicon anodes. The propagation of acoustic waves in layered media
results in the so-called SAW phonon dispersion, i.e. ultrasonic
waves with different frequencies travel with different phase veloc-
ities [27]. Thus, the shape of the measured surface acoustic signal
changes with increasing distance between the measurement point
and the source of SAW excitation.

Nanosecond pulsed laser with repetition frequency of 10 Hz,
pulse duration of 3 ns, the laser wavelength of 353 nm was used
imental setup.



Fig. 3. Measured thermoreflectance signals for non-lithiated and lithiated Si films.
The inset shows zoomed view of picosecond acoustic echo indicating Al thickness of
around 60 nm.
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to excite SAWs. The laser beam is focused by a cylindrical lens on
the surface of the sample in the form of a straight line to form a lin-
ear source of thermo-elastic SAWs propagating along the surface of
the sample by planar wave fronts. The generated laser-acoustic
surface signal is detected by the sensor through a piezoelectric
transducer and recorded with an oscilloscope.

The signal is measured at several distances from the source, as a
result of which the phase velocity is determined and, using Fourier
transform, frequency-dependent phase spectrum. This allows us to
construct a phonon dispersion curve, the fitting of which with the
theoretical curve gives the value of the film’s Young modulus. The
measurement process is fully automated and controlled from a
computer.
3. Results

To determine thermal conductivity of a-Si film, the thermal
conductivity of heat transducing Al layer and volumetric heat
capacity of both Al and a-Si should be known. These parameters
were taken from the literature and the recorded thermal reflectiv-
ity signal was then fitted using heat diffusion model [28]. Before
measurements we tested our setup by measuring Al/glass sample
as a reference, where Al thickness was around 60 nm and the glass
Fig. 4. (a) Measured (open dots) signals and corresponding theoretical fittings (red lines
lithiation. (For interpretation of the references to colour in this figure legend, the reade
was bulk sample. The thermal conductivity of glass was estimated
to be around 1.3 Wm-1K�1 which is very close to the accepted lit-
erature value. Fig. 4a shows measured experimental results of a-Si
samples fitted by theoretical heat diffusion model (red lines). To
ensure the measurement accuracy we measured at several points
for both non-lithiated and lithiated samples and calculated stan-
dard deviation in measured thermal conductivity values. For the
pristine (non-lithiated) a-Si thermal conductivity was around
�1.4 Wm-1K�1, which is very close to the average literature value
[29]. In the carried out measurements, some variation in the
recorded results have been noticed. For lithiated samples, the ther-
mal conductivity in some regions increased up to 2.2 Wm-1K�1,
while in other regions it remained around 1.3 Wm-1K�1. The aver-
age thermal conductivity was around 2.0 ± 0.4 Wm-1K�1. Such
sizeable deviation is likely due to inhomogeneous in-plane and
cross-plane Li+ ions distribution in the near-surface region.
Fig. 5a shows a cross-sectional SEM/FIB image of a-Si thin film
anode (on rough Cu foil) experienced one lithiation/delithiation
cycle. The non-uniform morphology after the first lithiation of
the Si film can be observed. The film’s upper part is looser and
an expansion can be seen easily, while the lower part is much den-
ser due to Li+ ions did not reach it during first lithiation [30]. After
medium degree (up to potential of 0.3 V, �Li1.7Si) and high degree
(up to 0.05 V, �Li3.75Si) of lithiation, the thickness of a-Si films
increased up to 650 nm and 1000 nm, respectively.

Fig. 5b demonstrates the x-ray diffraction (XRD) of the lithiated
a-Si film after high degree of lithiation, where the presence of
Li3.75Si alloy can be noticed. Further investigation will be needed
to check the different levels of lithiation and also the Li+ ions dis-
tribution in the near-surface region. At the considered level of lithi-
ation and after only 1st lithiation, Si material did not exhibit the
substantial degradation from Fig. 5a. However, an extensive
delamination and cracking of Si film from the substrate happen
upon cycling [17]. Such fracture can act as barriers for the heat
transfer, impeding the quick reduction of the temperature in the
system. Therefore, the battery cell can overheat accelerating aging
of electrolyte and the entire system. In general, the insertion of Li
into Si structure led to the increase of thermal transport but it is
hard to isolate the contribution of Li+ ions to the change in thermal
conductivity from other possible structural mechanism.

Additionally, the studies of the Young’s modulus were per-
formed that can provide an information of mechanical strength
of anode material as a function of lithiation level. Fig. 4b left shows
the results of the measurement Young’s modulus of a-Si anodes,
depending on the degree of lithiation. The first point at 3 V refers
to the as-prepared a-Si, the second point at 0.3 V corresponds to
), (b) Measured values of Young’s modulus of amorphous Si anodes versus degree of
r is referred to the web version of this article.)



Fig. 5. (a) Post-mortem cross-sectional SEM/FIB image of Si thin film after lithiation/delithiation cycle. (b) XRD of lithiated a-Si thin film.
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medium level lithiated sample and the highest lithiation of a-Si is
at 0.05 V. As expected, the elastic properties of the samples deteri-
orate after lithiation due to the substantial volume enhancement of
a-Si film [31,32] and this deterioration occurs linearly for our sam-
ples which agrees with previous studies [22].

4. Conclusion

Herein, we have observed an increase in thermal conductivity
for the lithiated a-Si which is mainly due to expansion of a-Si vol-
ume (from �330 to �1000 nm) due to LixSi alloys formation and
possibly due to inhomogeneous lateral lithiation of a-Si film in
the near-surface region.

The values of Young’s modulus decreased from 65.39 ± 4.99 to
47.75 ± 2.7 GPa, which is expected because of the a-Si volume
increase as a result of LixSi alloy formation. As for the SAW excita-
tion method, the measured value of the Young’s modulus for the
non-lithiated sample corresponded to the literature data and the
standard deviation is within the acceptable range.

Thus, the obtained results may push forward to better under-
standing of the thermal transport and mechanical mechanisms
taking place at the Li+ ions insertion/extraction in Si anodes and,
subsequently, pave the way for the ability to predict the behaviour
or Si-based anodes based in the next-generation LIBs. The in situ
time-resolved control of thermal conductivity across a-Si anode
film in electrochemical cell is planned for subsequent studies.

TDTR and SAW methods have proved to be powerful tools for
non-destructive optical characterization of thin films and have
potential for in situ thermo-mechanical monitoring of battery oper-
ation. It is quite possible that the changes of the thermal conduc-
tivity of Si during lithiation can provide the access to the
important information of the electrode such as state of charge
(SOC).
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