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We report in situ measurements of stress evolution in a silicon thin-film electrode during electrochemical
lithiation and delithiation by using the multi-beam optical sensor (MOS) technique. Upon lithiation, due
to substrate constraint, the silicon electrode initially undergoes elastic deformation, resulting in rapid rise
of compressive stress. The electrode begins to deform plastically at a compressive stress of ca. —1.75 GPa;
subsequent lithiation results in continued plastic strain, dissipating mechanical energy. Upon delithiation,
the electrode first undergoes elastic straining in the opposite direction, leading to a tensile stress of ca.
1 GPa; subsequently, it deforms plastically during the rest of delithiation. The plastic flow stress evolves
continuously with lithium concentration. Thus, mechanical energy is dissipated in plastic deformation
during both lithiation and delithiation, and it can be calculated from the stress measurements; we show
that it is comparable to the polarization loss. Upon current interruption, both the film stress and the
electrode potential relax with similar time constants, suggesting that stress contributes significantly to
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the chemical potential of lithiated silicon.
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1. Introduction

Silicon based anodes are considered to be one of the most
promising choices for the next generation of high energy den-
sity lithium-ion batteries due to silicon’s high charge capacity and
relatively low density [1]. Since silicon undergoes huge volume
expansion upon lithiation, which is responsible for cracking and
capacity fading, measurement of stress evolution and mechanical
dissipation is especially important [2]. In situ stress measurements
in electrodes have been made in a wide variety of electrochemical
systems in the past [3-11]. These measurements were based on a
cantilever beam-bending method, in which curvature of the sub-
strate is used to calculate stress in a film deposited on it through
the Stoney equation [12,13]. Some of these studies [3,5,7] were con-
ducted on electrode materials for lithium-ion batteries, primarily
the cathode. However, none of them have gone beyond reporting
stress evolution; and no attempt was made to calculate mechani-
cal dissipation and to establish a quantitative connection between
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stress measurements and observed of mechanical damage. There
appears to be just one reported measurement of stress evolution
in silicon anodes, by Lee et al. [14], who employed the cantilever
beam-deflection technique to observe stress evolution during lithi-
ation and delithiation. However, their observations were only
qualitative and did not attempt to convert beam-deflection poten-
tial signals into stress measurements.

In the cantilever beam-deflection method, a laser beam is
reflected off the substrate surface; when the substrate acquires a
curvature due to film stress, the position of the reflected beam on a
photo-detector changes. By measuring the translation of the beam
position, the substrate curvature is calculated. Recently, Lang et al.
[15] carried out an analysis of this method, and showed that severe
errors in stress measurement can result, if the refractive indices
and incident angles of all media through which the laser beam trav-
els are not accounted for, or not known accurately. Moreover, the
technique is vibration sensitive, reducing the signal-noise ratio.
Alternatively, the multi-beam optical sensor (MOS) technique cir-
cumvents such issues by employing an array of parallel laser beams,
and measuring the relative change in the spacing between them.
MOS is insensitive to vibrations, and it has been used for thin-film
stress monitoring in a variety of problems [16-18].

The objectives of this communication are to demonstrate
real-time measurements of stress evolution in a silicon thin-
film electrode during electrochemical lithiation and delithiation
through the MOS technique; to demonstrate that such stress
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Fig.1. (a)Schematicillustration of the electrochemical-cell assembly; and the MOSS
setup to measure substrate curvature. (b) The relative change in the laser-spot spac-
ing on the CCD camera’s sensor is proportional to the curvature of the Si wafer. Note
that the schematic is not drawn to scale.

measurements can be used to calculate mechanical dissipation
in the electrode during lithiation/delithiation, and compare it to
polarization losses.

2. Experimental
2.1. Electrochemical cell

Oxide free silicon wafers [50.8 mm diameter, 500 wm thick,
(111)] were used as substrates for electrode fabrication. Silicon
thin films were prepared by RF-magnetron sputtering (Edwards
Auto 306 DC and RF Sputter Coater) of a silicon target (3” diam-
eter disc, 99.995% Si, Plasmaterials Inc., Livermore, CA) at 200 W
power and at a pressure of 0.667 Pa of Argon (99.995%). Previous
studies have shown that silicon sputtered under these conditions
result in amorphous films [19]. Copper thin films were prepared by
DC-sputtering of copper target (3” disc, 99.995%, Super Conductor
Materials Inc., Suffern, NY) at 100 W and a pressure of 0.013 Pa of
Argon. A 1500 nm copper thin film (i.e., a Cu underlayer) was first
sputtered onto the unpolished side of the Si wafer followed by the
deposition of 250 nm silicon film. Previous studies show that the Cu
underlayer is critical to the cycling of Si thin films [20]. Further, the
Cu underlayer serves as a current collector, and aids in uniform cur-
rent distribution on the Si electrode, an important role during the
first-cycle lithiation. The electrochemical-cell assembly is shown
schematically in Fig. 1.

The Si wafer (coated with the Cu and Si thin films) was then
assembled into a home-made electrochemical cell (Fig. 1) with a
lithium metal counter and reference electrode (diameter=5.08 cm,

thickness=1.5mm), and a woven Celgard 2500 separator (diame-
ter=>5.2 cm, thickness =50 pm, Celgard Inc., Charlotte, NC). 1.2 M
lithium hexafluoro phosphate in 1:2 (vol%) ethylene carbon-
ate:diethyl carbonate with 10% fluoroethylene carbonate additive
(Novolyte Technologies Inc., Independence, OH) was used as the
electrolyte.

2.2. Electrochemical measurements

Electrochemical measurements were conducted in an envi-
ronmental chamber (Labmaster SP, MBraun Inc., Stratham, New
Hampshire) in ultra-high pure Argon atmosphere at 25°C (£1°C)
using a Solartron 1470E MultiStat system (Solartron Analytical, Oak
Ridge, TN), and data acquisition was done using CellTest System
(Solartron Analytical). The cell was cycled galvanostatically ata cur-
rent of 25 wA cm~2 (ca. C/4 rate) between 1.2 and 0.01V vs. Li/Li*.
The data acquisition rate was 1 Hz for all the electrochemical exper-
iments. The lower limit of 0.01V vs. Li/Li* was chosen to avoid
lithium plating and also to avoid the formation of the crystalline
Li;5S4 phase. Two open-circuit relaxation experiments were con-
ducted at approximately 50% state of charge, one from the lithiation
side and another from the delithiation side. The input impedance
of the instrument was 12 G£2, and hence the current due to the
open-circuit potential measurement was negligible.

2.3. In situ stress measurements

Stress in the silicon thin-film was measured by monitoring the
substrate curvature change during electrochemical lithiation and
delithiation. The relationship between the biaxial film stress, oy,
and the substrate curvature, «, is given by the Stoney equation,

_ Eshik
"~ 6he(1 — vs)

where Es and vs are the Young’s modulus and the Poisson’s ratio
of the substrate respectively, and hs is the substrate thickness. The
film thickness, hy, is a function of state of charge and is expressed
as hg = h{ (1+2.7z), where z is the state of charge and h{ is the
initial film thickness. This expression takes into account 370% vol-
ume expansion corresponding to the maximum possible capacity of
3579 mAh g~ for the lithiated-silicon system [21,22], and assumes
one-dimensional volume expansion, i.e., only the height of the
thin-film electrode changes upon lithiation/delithiation. This is a
reasonable assumption, because the film is constrained by the sub-
strate from expanding in all directions except in the thickness
direction. Also, small elastic-volume changes due to stresses are
neglected in writing the above expression.

Substrate curvature was monitored with a MOS wafer curva-
ture system (kSA-MOS, K-Space Associates, Inc., Dexter, Michigan),
which is illustrated schematically in Fig. 1. A 2 x 2 array of laser
spots was used to measure curvature change in two orthogonal
directions, a snapshot of which is shown in Fig. 1(b). Wafer curva-
ture is calculated from,

(d-d°) 1
KT An @)
where d is the distance between two adjacent laser spots on the CCD
camera (see Fig. 1(b), dyg and dy are respectively the horizontal and
vertical distances between the laser spots), d° is the intial distance
between the laser spots, and A, is the mirror constant, given by
2L[cos(0); L is the optical path length of the laser beam after reflec-
tion, and 6 is the incident angle of the beam on the substrate. The
mirror constant is measured by placing a reference mirror of known
curvature in the sample plane and measuring the relative change in
the spot spacing. The vertical and the horizontal displacements of
the laser spots (as a function of time) were recorded during all the

(1)
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Fig. 2. (a) Cell potential vs. capacity curve corresponding to lithiation and delithi-
ation of magnetron-sputtered amorphous Si thin-film electrode cycled at C/4 rate
between 1.2 and 0.01V vs. Li/Li*, and (b) the corresponding stress calculated from
the substrate curvature data using the Stoney equation. The curves labeled X and Y
correspond to the stresses calculated from the averaged horizontal and the vertical
displacement of the spots, respectively. The arrows in both figures indicate cycling
direction.

electrochemical experiments on the silicon film at an acquisition
rate of 1Hz.

3. Results and discussion

Data reported in this communication are those obtained subse-
quent to the formation cycle of silicon. Since the sputtered films
are already amorphous in nature [19], amorphization due to ini-
tial lithiation [23,24] does not occur, and the data corresponding to
cycle 1 is similar to those obtained in subsequent cycles; however
the duration of the first cycle is ca. 20% longer than the subsequent
cycles, due to SEI layer formation and other losses associated with
the first-cycle lithiation and delithiation process. Fig. 2 shows the
cell potential and the film stress plotted against the capacity of the
silicon thin-film electrode. In the Stoney equation, Young’s modu-
lus and Poisson’s ratio corresponding to Si (11 1) plane were used
[25,26]. The small difference in measured curvatures in the two
perpendicular directions (i.e., the X and Y curves in Fig. 2b) is possi-
bly due to variation in the deposited film thickness and/or slightly
non-uniform current density across the Si surface. Upon lithiation,
the substrate prevents the in-plane expansion of the film, which
results in compressive stress in the film, and it increases linearly
with time (or capacity). If the diffusivity of Li in Si is taken to be
10-9 cm? s~1 [27], the characteristic time for diffusion through the
film thickness of 250 nm is only a fraction of a second. Since the
experiments are conducted at C/4 rate, it is reasonable to assume
that the Li concentration, and hence the in-plane stress are uniform
through the film thickness. Moreover, if we assume that the strain
induced by Li in Si is proportional to its concentration, then the lin-
ear increase in the compressive stress indicates elastic response. At

compressive stress of about 1.7 GPa, the film appears to reach the
elastic limit (which corresponds to a capacity of ca. 325mAhg-1),
and begins to flow with further lithiation, in order to accommodate
the additional volume expansion. The flow stress is seen to decrease
with lithiation, reaching a value of about 1 GPa at a capacity of ca.
1875mAhg-1, at the cut-off potential. Hence, it can be concluded
that the flow stress of lithiated Si decreases as the Li concentra-
tion increases (Note that, Fig. 2b plots the true film stress, obtained
by using the current value of the film thickness, which depends
on the state of charge, in the Stoney equation. In order to evalu-
ate the evolution of the film thickness, it is assumed that the strain
in Si increases linearly with the state of charge and the volume
expansion is 370% when the atom ratio of Li:Si is 3.75).

Upon delithiation, the unloading is initially elastic; the stress
reverses elastically until it becomes ca. 1 GPa in tension, where the
film begins to flow in tension in order to accommodate the reduc-
tion in volume. The flow stress increases to about 1.75 GPa when
the upper potential limit of 1.2V is reached. Note that the stress
response is similar in compression and tension, i.e., at any state
of charge, the flow stress in compression and tension are approx-
imately the same. Thus, the film undergoes repeated compressive
and tensile-plastic flow during successive lithiation-delithiation
processes, respectively. Since plastic flow dissipates mechanical
energy, during delithiation, some of the electrical work done on
the half cell by the potentiostat is dissipated as plastic work in the
silicon electrode. Similarly, during lithiation, some of the stored
energy of the half cell is dissipated in compressive plastic flow of
the electrode. Thus, in addition to other polarization losses, plastic
dissipation in the Si electrode must be taken into account. The mea-
surements shown in Fig. 2 correspond to the third charge-discharge
cycle; subsequent cycles show a very similar behavior. Since the
state of stress during lithiation and delithiation is different even at
an identical state of charge, all material properties that depend on
stress will be different during lithiation and delithiation.

The mechanical dissipation in the Si electrode can be calcu-
lated from the real-time stress measurements. In order to compare
it with other polarization losses, consider the balance of energy
during lithiation,

Wy = Wi+ Wh + W), (3)

where W), is the available energy in the half cell, W' is the work
done by the cell on the potentiostat, W, is the mechanical dissipa-
tion in the Si electrode during compressive plastic flow, and Wllj is
the sum of all other dissipations due to various polarizations (i.e.,
kinetic, ohmic and transport). The first quantity W, is given by,

]

wl= I/Vdr (4)
0

where t; is the lithiation time, V is the cell potential, and I is the
constant current at which lithiation is carried out. W} is calculated
to be 1.77]. The mechanical dissipation, WY, is given as,

wl = ZU/afdé (5)

where v is the film volume, oy is the film stress, and ¢ is the in-
plane plastic strain rate in the film during lithiation. Eq. (5) can be
re-written as,

]

Cmax de
t a O'fhfd‘L' (6)

tp

Wl =2A

where hy is film thickness, A is the total film area, c is the stoi-
chiometric ratio of lithium to silicon, cmax is its value at the end
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Table 1

Parameters used for the stress and energy analyses presented in this study.
Parameter Definition Value Comments
ds Film diameter (also Si wafer diameter) 5.08 cm Measured
Es Young's modulus of Si (11 1) wafer 169 GPa [25]
Ces Maximum stoichiometric ratio in lithiated silicon system 3.75 [28]
(de/dc) Linear strain of lithiated silicon 0.146 [28]
h? Initial film thickness 250nm Measured
hs Wafer thickness 500 pm Measured
2L/cos() Mirror constant 2.7m Measured
Us Poisson’s ratio of Si (111) 0.26 [25]
s Film density 23gcm3 [25]

of lithiation, ¢, is the time at which plastic flow commences, and
(de/dc) is calculated from the data reported by Obrovac et al. [28].
Although the values reported by Obrovac et al. are for crystalline
Si-Li alloy phases, they are assumed to be valid for the amor-
phous Si-Li phase (which is the expected phase in the experiments
reported here) as well. Amorphous thin films are known to undergo
reversible shape and volume changes [29]. Further, the strain is
assumed to depend linearly on concentration. Moreover, correc-
tion to Eq. (6) from elastic strain change during plastic flow is not
considered because it is relatively small. In view of these assump-
tions, Eq. (6) should be viewed as a first order approximation for
the plastic dissipation, rather than an exact calculation. Parame-
ters used in the analyses are given in Table 1, from which W is
estimated to be 0.64].

A similar analysis can be done for delithiation as well, for which
the work done by the potentiostat on the cell, WY, is given by,

W =W, +Wg +wg (7)

where all terms stand for the same quantities as in Eq. (3), except
that the superscript d now stands for delithiation. Following a sim-
ilar procedure, Wd and W4 are calculated to be 4.4 and 0.48],
respectively. It is reasonable to assume that the polarization losses
are equal during lithiation and delithiation, i.e. W! = Wg. Since the
charge-discharge behavior is very similar in any two successive
cycles (following the second cycle), the term W), can be taken to
be equal in Eqgs. (3) and (7). Eliminating W}, between Egs. (3) and
(7) gives a value of 0.75] for the polarization loss W]!,. Hence, the
mechanical dissipation in a Si thin-film electrode is comparable to
the polarization losses elsewhere is the cell. An additional conse-
quence of this resultis that the contribution of stress to the chemical
potential of lithiated silicon, and hence its potential, is significant
and should be taken in to account for accurate cell modeling. More-
over, the foregoing experimental results and analysis suggest that
new Si anode designs to minimize or eliminate the plastic dissipa-
tion can significantly improve the energy efficiency of a Si anode
battery.

In order to explore the influence of stress on the silicon electrode
potential, we carried out interruption of galvanostatic lithiation (or
delithiation) as shown in Fig. 3, and the subsequent potential and
stress relaxations were monitored. The relaxations of potential and
stress, upon current interruption during lithiation, are represented
by PQ and AB, respectively. Upon the resumption of the galvanos-
tatic experiment, the electrode potential and stress rapidly return
to the potential and stress state (R and C), which is the same as
that at the beginning of the interruption (P and A). Qualitatively,
the potential and stress relaxations are similar; there is a rapid
initial change followed by a slow decay. Although the time con-
stants appear to be the same, the magnitude of relaxation depended
on whether the current interruption occurred during lithiation or
delithiation.

The potential and stress relaxations can be partly explained by
the small concentration change associated with the relaxation of
the double layer, which drives both the electrolyte-reduction reac-

tion, and the delithiation reaction (when the system is interrupted
from the lithiation side, and vice versa). However, concentration
change due to double-layer relaxation alone cannot explain the
large stress drop and potential change. For example, from Fig. 3b,
if the stress drop during lithiation is attributed to concentration
change alone, then the double layer would have to delithiate the
electrode almost completely to the value at D. In which case, upon
current resumption, it should have taken about 2h to return to
the state represented by A and P (i.e., the duration for DA and SP).
However, the pre-interrupt stress and potential states are regained
rapidly in just a few minutes (BC and QR in Fig. 3). Hence, alterna-
tive mechanisms for stress and potential drop need to be sought.
A potential explanation is that the drop in stress magnitude is
driven by the viscoplastic relaxation mechanisms in the amorphous
Si-Li alloy; since the mechanical dissipation analysis above estab-
lishes a coupling between stress and potential, viscoplastic stress
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Fig. 3. Transient cell potential (a), and film stress calculated from the substrate cur-
vature data (b) is shown during lithiation, delithiation, and open-circuit-potential
relaxation from both lithiation and delithiation directions. The OCP-relaxation
experiments were conducted for 1 and 2 h from the delithiation and lithiation sides,
respectively, while the stress-changes were monitored. The curves labeled X and
Y correspond to the stresses calculated from the averaged horizontal and vertical
displacement of the spots, respectively.
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relaxation would be associated with a corresponding potential
relaxation. Although this is only a plausible explanation, the experi-
mental capabilities demonstrated in this communication will allow
us to investigate it systematically in near future.

4. Conclusions and future work

We have demonstrated the use of the multi-beam optical sensor
technique to measure stress evolution in a silicon thin-film elec-
trode during lithiation and delithiation; and during the open-circuit
relaxation upon current interruption during lithiation or delithia-
tion. Stress evolution upon electrochemical cycling reveals that the
Si thin-film electrode undergoes repeated cycles of compressive-
and tensile-plastic flow, dissipating mechanical energy. The stress
evolution data enables estimation of the mechanical dissipation,
which was found to be comparable to the polarization losses
elsewhere in the cell. This observation also suggests that stress
contributes significantly to the chemical potential of lithiated
silicon and hence the electrode potential. Further experiments
aimed at understanding the influence of the mechanical stresses
on the equilibrium potential of the lithiated silicon, as well as
the stress evolution during the amorphization of a crystalline-
silicon electrode during initial lithiation are currently ongoing in
our laboratory. Such experiments are expected to provide insights
to understand the potential hysteresis and to suggest ways to
reduce hysteresis, which can increase the energy efficiency of the
cell.
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