
Journal of
Materials Chemistry A

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
Ja

nu
ar

y 
20

24
. D

ow
nl

oa
de

d 
on

 8
/1

/2
02

5 
11

:1
3:

26
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Thermo-mechan
aSchool of Engineering, Brown University, 18

E-mail: brian_sheldon@brown.edu
bEnergy Storage Group, Oak Ridge National
cDaniel Guggenheim School of Aerospace Eng

Atlanta, GA 30332, USA

† Electronic supplementary informa
https://doi.org/10.1039/d3ta06386k

Cite this: J. Mater. Chem. A, 2024, 12,
3943

Received 19th October 2023
Accepted 4th January 2024

DOI: 10.1039/d3ta06386k

rsc.li/materials-a

This journal is © The Royal Society o
ical characterization and stress
engineering of Lipon solid electrolyte†

Truong Cai, a Andrew Westover,b Sergiy Kalnaus,b Christos E. Athanasiou,ac

Nancy Dudneyb and Brian W. Sheldon *a

A high temperature multibeam-optical-stress sensor (HTMOSS) was used to characterize the coefficient of

thermal expansion (CTE) and yield stress of 1-micron thick Lipon films. Fully dense, amorphous films were

deposited on glass and sapphire substrates. The films were then annealed at temperatures ranging from 80

to 200 °C for 3 hours. The CTE of Lipon is found to be approximately 4.1 × 10−6. This value did not vary

appreciably with the substrate type, and was similar in tension and compression. With this intermediate

CTE value, the films heated on the two different substrates imposed either tension or compression due

to the thermal expansion mismatch. We observed further that the yield stress of the film is approximately

60–100 MPa. Using constant-load holds at and beyond the yield point, the stress developed during

heating was relaxed via visco-plastic deformation. A permanent residual stress then evolved during

cooling, up to 120 MPa in either tension or compression depending on substrate type. This ability to

engineer stress into Lipon films also suggests a strategy for creating a protective layer on other solid

electrolytes with higher ionic conductivities (e.g., LLZO and sulfides), which is a potentially effective

approach for mitigating lithium dendrite penetration. In addition, Lipon lost ductility at an annealing

temperature above 140 °C. Thismay be associated with composition changes that were observed in XPS

measurements.
1 Introduction

Solid electrolytes (SEs) are attracting increased attention for
next generation batteries, primarily because they promote
battery safety,1,2 operate over wide temperature and electro-
chemical stability ranges, and can potentially provide improved
energy density by enabling lithium metal anodes.1–3 The rela-
tively high modulus of ceramic and glass electrolytes can
mechanically stabilize the interface with Li metal,4–8 however,
short circuits due to lithium lament propagation at sufficiently
high current densities are a critical problem.3,9–13

As one of the most successful SEs, Lipon has enabled an
all-solid-state thin lm battery with a lithium metal anode
and a high-voltage LiNi0.5Mn1.5O4 (LNMO) cathode to achieve
capacity retention of 90% over 10 000 cycles.14 An extremely
stable interface between Lipon and electrode materials is one
reason for its superior electrochemical performance. Because
Lipon is vapor deposited, these interfaces are also relatively
homogeneous (i.e., smooth and chemically uniform, with
2 Hope Street, Providence, RI 02912, USA.
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ineering, Georgia Institute of Technology,

tion (ESI) available. See DOI:

f Chemistry 2024
minimal defects). This generally mitigates crack forma-
tion,11,15 and recent evidence also indicates that Lipon has
high fracture resistance.14 The current investigation explores
mechanical behavior in Lipon more broadly, by monitoring
thermally induced stresses during heating and cooling on two
different substrates. These treatments create residual tensile
and compressive stress of 100 to 200 MPa in the Lipon lms,
and these measurements also provide values for the Lipon
CTE. This work also provides information about plasticity,
a potentially valuable mechanism for effective local stress
relief during fracture. Recent work also suggests that plastic
deformation of glass SEs can occur upon contact with pres-
surized lithium laments, and thus mitigate dendrite
propagation.6,15,16

The experiments reported here demonstrate that thermal
treatments can be used to engineer residual stresses of 100's
of MPa into Lipon, as a means for controlling and potentially
improving its performance. In particular, compressive
stresses will generally improve fracture resistance, and
recent work also indicates that these stresses can impede Li
metal dendrites. For example, modeling and experiments
with Li7La3Zr2O12 (LLZO)13,17,18 indicate that compressive
residual stresses on the order of 100 MPa are large enough to
deect dendrite propagation, and can thus be employed to
mitigate the resulting short circuits. In principal, our
approach to engineering residual stresses can also be
J. Mater. Chem. A, 2024, 12, 3943–3953 | 3943
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extended to enhance the performance of other solid
electrolytes.
2 Experimental
2.1 Materials

Lipon samples were prepared by radio frequency magnetron
sputtering of a 2-inch diameter ceramic target, with lm depo-
sition on a polished sapphire wafer facing the target at
a distance of 6 cm. The chamber base pressure was 0.3 mT;
deposition was conducted at a N2 ow rate of 40 sccm, a depo-
sition pressure of 20 mT, a power of 75 W and a bias of 136 V.
The deposition rate was 2.5 nmm−1. The lms for the substrate
curvature measurements were approximately 1 mm thick, and
the lms for nanoindentation were z8 mm thick aer a long
deposition. The substrate materials were used to deposit upon
were highly pure fused quartz glass (350 mm thickness, from
University Wafer) and sapphire disc-shape substrate (350 mm
thickness, from Semiconductor Wafer). Both of these materials
were tested in the as-received condition. From previous
works,47 the average roughness of the lm was no more than 10
nm. More details about roughness characterization are
provided in the ESI.†
2.2 Curvature measurement

High-temperature Multi-beam Optical Sensor (HTMOS)
measurements were conducted in a custom-made furnace that
permits optical access.48 This technique measures wafer curva-
ture changes during thermal treatment, by monitoring the
spacing between reected laser beams.21,27,48
2.3 Post-mortem imaging

Aer the experiment, the surface was examined with Scanning
Electron Microscopy (SEM) (FEI HELIOS 600). X-ray photoelec-
tron spectrometer (XPS) was performed (K-Alpha, Thermo
Scientic) to obtain chemical information of the surface and
subsurface. XPS spectra were collected using a mono-
chromatized Al Ka radiation (hy = 1486.7 eV) under a base
pressure of 10−9 torr. All XPS measurements were collected with
a 400 mm spot size. Survey scans used a pass energy of 50 eV,
followed by a high-resolution scan with 0.1 eV resolution, for Li
1s, O 1s, N 1s, and P 2p regions. A 5 keV Ar plasma etching
source was used for depth proling with a pre-etching for 5 s,
etching for 60 s and post-etching for 10 s. All spectra were
calibrated with adventitious carbon 1s (284.6 eV) and analyzed
by CasaXPS soware. All the handling materials and the poly-
acetal surface were cleaned with analytical grade isopropanol
and rubbed dry with clean paper before contact with the host
material.
2.4 Data analysis

Raw data were collected and stored in CSV or Excel le formats.
Data processing was done using the custom-made MATLAB
script. For tting of the CTE, a RANSAC49 algorithm was used to
prevent adverse effects of outliers.
3944 | J. Mater. Chem. A, 2024, 12, 3943–3953
2.5 Nanoindentation

Nanoindentation of Lipon lms was performed using the
InForce 1000 actuator from NanoMechanics Inc (KLA Instru-
ments), which has 1 N maximum load and 6 nN nominal load
resolution. The actuator, attached to the frame, was installed
inside the Tescan Mira 3 SEM, and the shallow tilt was applied
to the stage to allow in situ observation of the surface approach
and nanoindentation process. The Lipon samples were inden-
ted in as-deposited condition, and aer the heat treatment. The
latter was performed under owing Ar and consisted of a heat-
ing ramp at a rate of 1 °C min−1 from room temperature to
170 °C, hold at 170 °C for 8 hours, and a cooling ramp at
approximately the same rate of 1 °C min−1. The nano-
indentation was performed using Berkovich (65.27° angle)
nanoindenter tip. The experiments were performed in contin-
uous stiffness measurement mode19 which allows collecting
modulus and hardness data as a function of nanoindentation
depth. Standard instrument calibration19 was performed using
a fused silica sample before the experiments. 16 nano-
indentations were performed for calibration and tip area func-
tion t. In addition, nanoindentation with the sharp cube
corner (35.26° angle) was performed to estimate resistance to
crack formation in as-deposited Lipon. A matrix containing 25
nanoindentations was applied to each sample to estimate the
scatter of data. The indentations were placed 40 mm apart in the
matrix. The thermal dri was measured before each experiment
and, in addition, a small constant load hold (one-tenth of the
maximum load) was applied in the unloading segment to check
for thermal dri. The target thermal dri value was 0.1 nm s−1.
All of the experiments were done at the nominal strain rate of
0.2 s−1.
3 Results and discussion
3.1 Observation of visco-plasticity and stress relaxation
under constant load

Lipon lms were deposited on one face of either a quartz glass
or sapphire substrate. The lm deposition and measurement
techniques are described in the Methods section and in
previous work.20–26 The lm thickness (1 micron) is more than
two orders of magnitude thinner than the substrates that were
used, and thus it is reasonable to assume that only in-plane bi-
axial stress is present.27–29 The measured curvatures obtained in
situ during heating and cooling are then interpreted with the
Stoney equation27–29 to obtain spatially averaged bi-axial stress
values:

k ¼ 6shfilm

Bsubhsub
2

(1)

The lm thickness is assumed to be approximately constant
throughout the experiments.27–29

Fig. 1a–c shows results for three samples subjected to heat
treatments where the temperature was raised at a xed rate to
a set temperature and subsequently held for approximately four
hours. Because the quartz glass CTE is very small, the substrate
This journal is © The Royal Society of Chemistry 2024
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Fig. 1 The in situ stressmeasurements by HTMOSS for the quartz substrate samples. The dash lines denote the periods during which the samples
are being held at a fixed temperature. In (a)–(c) from left to right the holding temperature is 75 °C, 100 °C, 120 °C. In (d)–(f) the same sample was
used in the three different subsequent cycles so the initial stress is not zero in (e and f). In (d)–(f) from left to right the holding temperatures are
140 °C, 170 °C, 200 °C. We adjusted the starting stress to be the residual stress from the previous step.
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imposed a compressive membrane force on these lms during
heating. In Fig. 1a, the initial and nal stress values are very
small (close to zero). This similarity indicates that the thermal
stress is fully reversible. During the hold at 75 °C, the constant
stress of −40 MPa indicates that there was no inelastic mech-
anism in the lm capable of relieving the stress. In contrast,
during the 100 °C hold in Fig. 1b, the stress remains constant at
about −60 MPa for approximately 1.5 hours, and then gradually
relaxes to zero. This can be attributed to plastic ow in the
Lipon, which has also been observed during nanoindentation at
ambient temperature.14,30 In addition, when the temperature is
subsequently decreased, Fig. 1b shows that there is a net
residual stress of 60 MPa at the end of the cool-down. This
indicates that the thermal mismatch stress imposes net tension
in the lm, and demonstrates that there is permanent defor-
mation in the Lipon structure. When the hold temperature is
increased to 120 °C, the lm relaxes the thermal stress imme-
diately upon reaching this temperature, and exhibits a sharp
yield point of approximately −90 MPa. In this case the stress
remains zero until the end of the high temperature hold
segment, Fig. 1c. This suggests that the relaxation behavior is
load dependent, which is characteristic of visco-plasticity.6,27
This journal is © The Royal Society of Chemistry 2024
Similar to the 100 °C sample, upon cooling the thermal
mismatch stress imposes residual tension on the lm.

Fig. 1d–f shows results at higher holding temperatures of
140, 170, and 200 °C, respectively. By using one sample to
perform this series of three experiments, it was possible to
determine if multiple steps can be used to impose additional
stress. In Fig. 1d, note that before raising the temperature to
140 °C the sample was held at 75 °C for one hour, resulting in
approximately −50 MPa. This approach provided better
temperature control during relatively fast heating to the target
temperature of 140 °C (i.e., at 1.5 °C min−1). We note further
that there's signicant noisy features in the stress prole during
the heating. This is due to the temperature control of this
experiment. In the supplementary section Fig. S1,† we overlay
the stress and temperature prole to illustrate our stress vari-
ation corresponds well with the temperature variation. This
indicates that such noisy features are not experimental artifacts.
In this experiment the stress starts to relax at about 90 MPa
during heating, which is consistent with the observation in
Fig. 1c. Because the temperature is still changing here, the
stress relaxation is quickly altered by additional thermal
mismatch strains, such that compressive stress builds up in the
lm. Upon reaching 140 °C, the compressive stress of about
J. Mater. Chem. A, 2024, 12, 3943–3953 | 3945
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−110 MPa relaxes immediately. However, even aer 4 hours at
temperature, the stress does not fully relax to the zero stress
seen in the previous experiments. Instead, it remains in
compression at approximately −25 MPa, which suggests that
the plastic relaxation is limited. This could be due to compo-
sition or structural changes that occur at higher temperature,
based on additional observations which are described below.
Upon cooling, the thermal mismatch imposes approximately
80 MPa of tensile residual stress. This lower value of residual
stress in comparison with Fig. 1c is consistent with the
incomplete relaxation during the constant load hold.

In Fig. 1e, the initial stress is approximately 80 MPa, which
is the nal state observed in Fig. 1d. During heating there are
two slopes for the heating curve, because the sample was rst
heated at 1 °C min−1 and then at 2 °C min−1. Curiously, at
about −90 MPa, we no longer observe the immediate yielding
behaviors. This suggests that the previous plastic ow
expanded the yield surface, consistent with classical plasticity
theory.31 Upon reaching 170 °C, about −110 MPa, the lm
exhibits immediate relaxation and reaches a stress-free state.
This load-dependent and history-dependent behavior further
affirms that the behavior is visco-plastic.31,32 Aer complete
stress relaxation, cooling leads to residual stress of approxi-
mately 140 MPa (tensile).

To further investigate the inelastic behavior of Lipon and
to further increase residual stress in the lm, the holding
temperature was raised to 200 °C, Fig. 1f. Note that before
reaching 200 °C, the sample was held for 1 hour at 100 °C and
140 °C which is reected by the two plateaus during the
heating portion at 50 MPa and −20 MPa, respectively. During
these two holds the stress is below the yield point and thus
there was no relaxation. This is perhaps due to the fact that
the sample relaxes the residual stress imposed by the previous
trial, so it is not under any net compression. We note that
during this relaxation plastic deformation is not expected
because yielding from the previous cycle extends the elastic
regime beyond the initial yield point.31 When the sample
reaches approximately −80 MPa at 200 °C, relaxation occurs,
but the behavior is rather erratic and incomplete (stress fully
relaxes like Fig. 1c–e). Upon cooling the thermal mismatch
stress is highly non-linear. This suggests that the material
may undergo phase and composition changes via reaction
with the ambient trace nitrogen, oxygen, and water vapor,
which is consistent with previous observations15,33. This
incomplete relaxation is also consistent with our observation
of crackings (Fig. 5 and 6b) at 170 °C. This suggests that at
much higher temperature than 170 °C, the lm would show
signicant crackings. Because our method tracks the average
stress-thickness through samples' curvature variation, and
thus incapable to fully determine the stress-state at 200 °C
where signicant fracture happens.

For Lipon lms deposited on sapphire, the high CTE of the
substrate (∼6.3 × 10−6 K−1)34 imposes compressive residual
strains during cooling. This is seen in the in situ stress
measurements in Fig. 2, where a separate sample was used for
each thermal cycling procedure. The overall behavior is similar
to that observed in the lms deposited on quartz substrates,
3946 | J. Mater. Chem. A, 2024, 12, 3943–3953
where the heating ramp now induces tension in the Lipon. In
Fig. 2a the stress level remains constant at 60 MPa when the
sample is held at 80 °C. Upon cooling, the sample returns to the
initial stress state (close to 0 MPa), which indicates that the
yield stress in tension is higher than 60 MPa. When the sample
is subjected to a 100 °C hold, Fig. 2b, the tensile stress relaxes
(similar to the behavior observed with the quartz substrate,
where compressive stress relaxes at this temperature). With
tensile stress of approximately 100 MPa, the stress again does
not relax immediately. This only occurs aer approximately 1
hour, and here again it eventually reaches a stress-free state.
Upon cooling, the thermal mismatch led to approximately
−100 MPa of residual stress. To further investigate this effect,
the hold temperature was increased to 170 °C as shown in
Fig. 2c. The hold at 170 °C imposes a maximum tensile stress of
approximately 145 MPa, and here the stress relaxation starts
immediately upon reaching the maximum temperature. Simi-
larly to the quartz case, the plastic ow leads to the imposed
tension of the lm completely relaxed. Upon cooling the lm
reaches about 140 MPa of residual compression.
3.2 The values of the coefficients of thermal expansion and
yield stress

As discussed in great detail in the previous section, Lipon
exhibits visco-plastic behavior which makes the yield surface
temperature and rate dependent6,15,31. Therefore, a single yield
stress value is not enough to capture the entire inelastic
behavior of this material. The complete characterization of the
yield surface is beyond the scope of this study. However from
the experimental observations reported here, it is reasonable to
state that the yield stress is approximately 60–100 MPa under
conditions that do not introduce signicant composition
changes.

In our experiments only the heating is controlled at xed
rate, so the heating prole is linear while the cooling prole is
non-linear.35 Nevertheless, the thermal mismatch stress from
both parts of the cycle can be computed as:

s = Bfilm(asub − afilm)DT (2)

where asub and alm are the CTE of the substrate and Lipon lm
respectively, and Blm is the biaxial modulus of the lm.36 Under
the experimental condition employed here, the stress here is
equated to that which generates curvature in the in situ exper-

iments.27 Hence, regressing
ds
dDT

will give an estimate for the

alm. The results for the quartz-substrate and sapphire-
substrate samples are summarized in Tables 1 and 2. The
CTE values reported for both substrates across the temperature
range studied here are generally consistent. Furthermore, for
lower temperature, below about 120 °C the CTE values
computed from the heating curve and the cooling curve are also
consistent. From this we estimate that the intrinsic CTE for
these samples are about 4.1 × 10−6. We note that consistent
with the drastic changes in mechanical response of the lm, the
CTE values at higher processing temperature deviate signi-
cantly versus the lower temperature ones (5 × 10−6 vs. 4.1 ×
This journal is © The Royal Society of Chemistry 2024
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Fig. 2 The in situ stress measurements by HTMOSS for the sapphire substrate samples. The dash line denotes the period during which the
samples are being held at a fixed temperature. In the subfigures a–c from left to right the holding temperature is 80 °C, 100 °C, and 170 °C. We
adjusted the starting stress to be the residual stress from the previous step.

Table 1 Summary of the values of CTE measured from the quartz-
substrate sample and its respective experiments denoted by the
holding temperature

Hold temp.
(°C) Linear t heating Linear t cooling

75 4.0 × 10−6 4.1 × 10−6

100 4.1 × 10−6 4.1 × 10−6

120 4.1 × 10−6 4.2 × 10−6

140 5.0 × 10−6 4.9 × 10−6

170 5.0 × 10−6 4.0 × 10−6

Table 2 Summary of the values of CTE measured from the sapphire-
substrate sample and its respective experiments denoted by the
holding temperature

Hold temp.
(°C) Linear t heating Linear t cooling

80 4.1 × 10−6 4.2 × 10−6

100 4.0 × 10−6 4.1 × 10−6

170 4.7 × 10−6 4.7 × 10−6
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10−6 for quartz and 4.7 × 10−6 vs. 4.1 × 10−6). Notably there is
also a discrepancy between the values estimated by tting the
heating and cooling portion of the data at higher temperature
for the quartz-substrate sample. This further indicates that at
higher processing temperature, the lm changes its composi-
tion which affects its thermo-mechanical properties.

3.3 Mechanical behavior of Lipon examined by
nanoindentation

Nanoindentation was performed to obtain the elastic properties
of these lms and to further explore the creep and strain
This journal is © The Royal Society of Chemistry 2024
relaxation behavior of Lipon at the nanoscale. The results for
Lipon in the as-deposited condition, together with the load-
depth curves collected from the calibration of fused silica
sample, are presented in Fig. 3. High consistency of the data
indicates that the material is homogeneous. This is observed in
Fig. 3a and b where the load-depth curves from twenty ve
nanoindentations overlap each other. Fig. 3a shows the
modulus and hardness as functions of the nanoindentation
depth, as obtained from the continuous stiffness measurement
experiments at room temperature (see Methodology section for
details). Some uctuations at shallow depths less than 200 nm
are observed, but the mechanical properties become consistent
as indentation progresses, with a small increase in the property
values with increasing indentation depth. We do not expect this
to be a substrate effect, since the Lipon deposited for nano-
indentation was z8 mm thick and the maximum indentation
depth was 2 mm. Such stiffening and hardening could rather be
a manifestation of continuous densication of Lipon in
response to the hydrostatic pressure under the nanoindenter
tip. The average value of the Young's modulus determined from
the nanoindentation depths greater than 500 nm was 85 ±

0.9 GPa, and the corresponding value of hardness was 4.968 ±

0.039 GPa. It's important to note these values is quite stable
aer indentation depth of 700 nm up to 2000 nm. According to
classical indentation models,37–39 this observation implies that
the substrate effect is not too prominent. Moreover it should be
mentioned, that these values are only slightly higher than
previous reports.14,30

The nanoindentation experiments were conducted with a 3=
0.2 s−1 constant strain rate loading period to the maximum
load, ten-second hold at the maximum load level, unloading to
ten percent of the maximum load, and nally an eighty-second
hold at that minimum load before the nal unload and tip
J. Mater. Chem. A, 2024, 12, 3943–3953 | 3947
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Fig. 3 Mechanical behavior by nanoindentation of z8 mm thick Lipon film on fused silica substrate in as-deposited condition. (a) Young's
modulus and hardness as function of depth; (b) load-depth curves from nanoindentation of Lipon; (c) load-depth curves from fused silica
collected during calibration.
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withdrawal. The hold at the peak load provides evidence of
creep behavior, while the hold at the Pmin = 0.1Pmax is designed
to estimate thermal dri in comparison to that measured at the
beginning of the experiment. As can be seen from Fig. 3b, Lipon
shows evidence of time-dependent behavior, manifested by
creep under constant maximum load, as well as strain relaxa-
tion under minimum load hold. This is especially evident in
comparison with the nanoindentation curve from fused silica,
Fig. 3c. The values of the thermal dri, measured before the
nanoindentation were between 0.02 nm s−1 and 0.08 nm s−1,
and the displacements collected during the 80 s hold in fused
silica are within the range of anticipated total displacements at
such dri rate and as such can be attributed almost entirely to
thermal dri. The displacements in Lipon, both positive, due to
creep, and negative, due to strain relaxation, are much larger.
Calculated over the 80 second hold at Pmin, the displacement
rate is on average 0.82 nm s−1, which is an order of magnitude
greater than the thermal dri rate measured before the exper-
iment. Therefore, this behavior is predominantly driven by
a strain relaxation, rather than thermal dri.

The mechanical behavior of Lipon, described above suggests
a combination of time-dependent behavior (creep and relaxa-
tion) with pressure-dependent yielding, characteristic of
cohesion-friction materials. The applicability of the corre-
sponding traditional plasticity models based on the deviatoric
stress space to such materials remains an open question. It
should be mentioned, that while the dependence of elastic
properties (modulus and Poisson's ratio) on glass network
connectivity has been reported, the investigations of yield and
post-yield behavior in ionic glasses are lacking. It is reasonable
to assume, that the traditional elasto-plastic and viscoplastic
models are not applicable to glassy materials due to the ability
of the latter to densify under pressure. Drucker-Prager type
models account well for the hydrostatic pressure dependent
yielding, as they are designed for cohesive-friction materials,
but they do not incorporate time- and rate-dependent
processes, such as creep or stress relaxation. Determination of
yield point in glass is thus rather elusive as there is no
3948 | J. Mater. Chem. A, 2024, 12, 3943–3953
dislocation coordinated motion to create the visible pop-in
event on the load-depth curve that is characteristic of metallic
materials.

The ability of Lipon to develop inelastic strain due to
densication and isochoric shear results in its remarkable
ability to resist fracture under sharp nanoindentation. Among
different compositions, the tendency towards shear deforma-
tion apparently increases with increasing Li content, as has
been demonstrated via MD simulations in.14 This is associated
with break up of the covalent bonded network of phosphate
tetrahedra, which yields a more ductile material with lower
degree of compressibility. At the optimal ratio of Li : P equal to
3 : 1, Lipon represents the typical inverted glass, where the
amount of network modifying component (lithium) is greater
than the content of network formers. Such high content of
lithium ions in the composition is hard to achieve by traditional
glass processing, but can be accomplished via the physical
vapor deposition techniques employed here. The ability of
Lipon to resist nanoindentation induced cracking was
conrmed here in as-sputtered lms via sharp cube corner tip
nanoindentation, following.40 The residual hardness impres-
sions of Lipon are shown in Fig. 4. A signicant amount of
shear-driven pileup can be observed in the residual hardness
impression created by the cube corner nanoindenter tip,
Fig. 4b. The residual hardness impression from the Berkovich
tip, Fig. 4a, shows no specic features, neither pile-up, nor sink-
in, rendering the measured values of modulus and hardness
reliable. Neither scenario resulted in fracture of Lipon, con-
rming that this material exhibits high resistance to cracking.
3.4 Strain engineering from residual stress upon cooling

The residual stress induced in Lipon during thermal annealing is
induced by the thermal mismatch between the relaxed glassy
material and the underlying substrate. The experiments reported
here demonstrate that with processing temperatures above 100 °C,
it is possible to engineer signicant tensile or compressive stresses
in the Lipon (with the two types of substrates that were used).
Recent work17 demonstrates that compressive stresses of this
This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Residual hardness impressions in as-deposited thick Lipon film
on fused silica substrate indented at room temperature. (a) Nano-
indentation with Berkovich tip; (b) nanoindentation with cube corner
tip.
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magnitude can deect and potentially mitigate the propagation of
Limetal dendrites. Thus the thermal annealing approach employed
here demonstrates that a single thermal processing step can be
used to engineer such stress into a Lipon lm, by using a primary
solid electrolytes with sufficiently high CTE. For example, high
compressive stresses can be created by depositing Lipon on LLZO,
which has a CTE that is signicantly higher than the sapphire
substrates (about 6.3× 10−6 across the given temperature range34).
This is expected to improve its long-term cycling performance by
suppressing dendrite penetration. In general, for relevant solid-
electrolyte materials like LLZO where the CTE mismatch is large.
In general, for relevant solid-electrolyte materials like LLZO, which
exhibit a large CTE mismatch (with aLLZO reported to be 15.5 ×

10−6, which is signicantly larger than the measured aLiPON of
approximately 4 × 10−6), it is feasible to engineer compressive
residual stresses. These stresses can be considerably larger than
those observed on sapphire substrates, potentially reaching or
exceeding 400 MPa for LLZO. Such high compressive stresses are
expected to enhance long-term cycling performance by suppressing
dendrite penetration, offering a substantial improvement in
dendrite resistance, which is crucial since these values are well
above those needed to deect dendrites.17

The thermal treatment outlined in this work could poten-
tially be extended to other glassy solid electrolyte such as sulde
glasses,6 oxysuldes,41 and lithium thiosilicophosphate
glasses.42 Some sulde glasses also exhibit plasticity,6 such that
This journal is © The Royal Society of Chemistry 2024
stress relaxation is expected to occur during constant-load holds
at elevated temperatures. Moreover varying the substrate
material and the hold temperature makes it possible to control
the amount of CTE mismatch. This should permit precise
residual strain engineering. In general, the single step approach
presented here can provide a platform for precise engineering
of residual strain into wide range of plastically-deformable
materials.

The results in Fig. 1d–f also indicate that repeated thermal
cycling could potentially be used to further increase the residual
stress in the lm. This approach requires that the material have
excellent thermal chemical stability. For relevant materials like
LLZO or glassy solid electrolytes, engineering such properties is
an intriguing topic for further studies.
3.5 Modication of Lipon mechanical properties at higher
processing temperature

As indicated in previous sections, LiPON is unable to plastically
relax all of the built-up stress during heating at higher pro-
cessing temperatures. This is evident from Fig. 1e showing 100/
150 relief and Fig. 1f depicting 40/160 relief. To further
demonstrate the loss of plasticity in the LiPON/quartz system,
we performed a series of nanoindentations on both pristine and
heat-treated samples at 170 °C. The nanoindentation results for
the as-deposited lms, which were not subjected to heat treat-
ment, have been discussed previously in Section 3.3. None of
the nanoindentations resulted in fracture events, and the
representative residual hardness impressions are shown in
Fig. 4. Fig. 5 shows the remarkable change in the material's
ability to resist cracking aer the thermal treatment. All of the
nanoindentations with the Berkovich tip resulted in develop-
ment of long radial cracks. This indicates substantial increase
in brittleness when the material departs from its ideal high-
alkali composition due to lithium loss aer heat treatment.
Overall such change certainly indicates that there's a processing
temperature upper bound around 140 °C for Lipon.

To investigate the correlation between this effect and Lipon
composition, we performed XPS on the surface of the lm
(Fig. 6) and the sub-surface of the lm (Fig. 7) by etching the
surface with Ar ion sputtering. In these measurements, we
chose to investigate all four constituting elements of Lipon,
namely Li, P, O, and N. We choose to contrast the signals
between pristine and 170 °C processing temperatures, because
under this temperature the lms undergo signicant plastic
deformation. Overall from Fig. 7, there was no essential differ-
ence in the composition versus depth for the 170 °C sample
compared to the pristine lm.

From Fig. 6 the local bonding environment appears to be
comparable between the two samples. However, there is
noticeable differences in the proportion of the two peaks in
the N 1s spectra. From previous investigation,43 these two peaks
are associated with Nd: a nitrogen atom linked to two phos-
phorus atoms (–N]) with binding energy at around 397 eV, and
Nt: a nitrogen atom linked to three phosphorus atoms (–N<)
with binding energy at around 400 eV. If there is signicant
nitrogen bonding rearrangements of Nt turning into Nd as
J. Mater. Chem. A, 2024, 12, 3943–3953 | 3949
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Fig. 5 Residual hardness impression of Lipon film on fused silica
substrate after it has been subjected to thermal treatment at 170 °C
showing multiple brittle radial cracks extending from the nano-
indentation site. The average crack-to-diagonal ration is about 1.77.
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implied in Fig. 6d, we anticipate that the excess phosphorous
must either evaporates or bonds to other species. But from
Fig. 6a–c, there is no signicant changes in the bonding envi-
ronment of other species. Moreover from Fig. 7, the phospho-
rous percentage remains similar between the pristine and 170 °
Fig. 6 The XPS elemental analysis of the surface of Lipon on quartz-
substrate samples for the Pristine and 170 °C processing temperature
as labeled in the legend. The respective elements of the scan is labeled
in figures by their symbol in the periodic table ((a) Li 1s, (b) P 2p, (c) O 1s,
and (d) N 1s).

3950 | J. Mater. Chem. A, 2024, 12, 3943–3953
C samples, so there's no evidence of phosphorous escaping.
Therefore, it is difficult to conclude there is signicant differ-
ences in the nitrogen bonding between the samples.

Based on the previous investigations,14 high ductility and
toughness of Lipon are a direct result of its high alkali content
with lithium cations disrupting the network of the phosphate
tetrahedra. With the Li : P ratio of 3 : 1, Lipon can plastically
deform under shearing while also allowing for some degree of
densication. Therefore it is reasonable to hypothesize that the
alternation of mechanical properties at elevated temperature is
related to loss of Li. Yet from the XPS data above, we can rule out
the possibility of Li loss as the driving mechanism.

These indicate that the observed loss of plasticity at high
processing temperature is unlikely due to composition changes,
but perhaps due to mechanics. We note that the principal
differences between the pristine and 170 °C samples prior to
nano-indentation is the residual stress state, with the 170 °C
sample under higher residual stress. It is reasonable to
hypothesize that the loss of ductility (Fig. 4 vs. 5) is due to plastic
deformation modes deactivated because of residual stress.31

In addition to the observed cracking in nano-indentation, we
report also that we can directly observe extensive cracking on
the sapphire sample during the MOSS experiments Fig. 8. We
rst note such cracking was be seen at elevated temperature
(170 °C). There were no obvious aws in the pristine sample.
Moreover we can observe that the cracks are extensive across the
surface as seen from the optical image. Using classical theory of
cracks in thin lm,27 specically
Fig. 7 The XPS composition versus depth of Lipon on quartz-
substrate for the Pristine and 170 °C processing temperature as labeled
in the titles. The respective elements of the scan is labeled in figures in
the legend (Li, N, O, P, C, and Ca).

This journal is © The Royal Society of Chemistry 2024
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Fig. 8 Surface SEM images of the sapphire-substrate samples for (a) the Pristine and (b) 170 °C processing temperature, and (c) an optical image
of the sample. We observed that extensive cracks are formed on (b) and (c).
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hf ¼ 2

pce2
GfEf

sm2

(3)

, assuming the lm is under a load of 150 MPa which is the
observed load at 170 °C (Fig. 2c), we can estimate a lower bound
on the fracture resistance of Lipon on sapphire to be 0.6 J m−2

which is quite low. This provides a plausible reason as to why we
observed extensive cracking.

Using a stereological approach,44 we can estimate the crack
spacing to be 1 per 100 microns. From the treatment of classical
crack in thin-lm,27 given the lm thickness in the order of 5
microns, we can surmise that the change in curvature versus the
uncracked lm about 5–10%. The implication of this is that at
elevated temperature, the lm has an additional stress relief
mechanism which makes CTE values analysis at high temper-
ature (more than 120 °C) much more challenging. This explains
the different CTE values at high annealing temperature versus
lower temperature (Tables 1 and 2).

This is also consistent with the MOSS results earlier (Fig. 1d
and 2c) where the Lipon shows incomplete plastic relaxation
which possibly due to the stress being relief through crack
formation. However the detail analysis is out of the scope of this
study and will be le for a future study.
4 Conclusion

Using the HT-MOSS approach, controlled thermal strains were
applied to Lipon thin lms on quartz glass and sapphire
substrates. The in situ stress measurements provide important
information about the Lipon mechanical behaviour. Based on
these measurements, CTE values were obtained over the
temperature range from 75 °C to 170 °C. Furthermore at
temperatures above 140 °C, there is a modication in the Lipon
structure leading to changes in CTE values and loss of ductility.
XPS measurements conrm that this modication is due to the
loss of nitrogen and lithium.

Initial plastic yield occurs at approximately 60–100 MPa. In
addition to plastic ow under constant strain, the Lipon plastic
yielding behaviour exhibits a strong dependence on heating rate
(hence strain rate) and processing temperature. This indicates
that the material is visco-plastic.
This journal is © The Royal Society of Chemistry 2024
It was possible to create large residual stresses in the Lipon
by annealing the material at elevated temperatures. During
holds at a constant temperature (and hence applying a xed
thermal mismatch strain on the lm), the measurements show
plastic ow relaxes the CTE mismatch stress during heating
which allows strain engineering upon cooling. With a CTE
mismatch strain of 2 × 10−6 it was possible to engineer about
∼100 MPa of residual compressive/tensile strain. This suggests
that the larger mismatch with LLZO (∼12 × 10−6) can poten-
tially lead to ∼400 MPa of residual compression upon cooling.
Engineering this on a solid electrolyte is potentially benecial
for mitigating dendrite penetration. We note that in a practical
device, the LLZO thickness is expected to be about 50 microns,
while that of PVD LiPON will be a micron or less. Thus, the
maximum residual stress in the LLZO is far lower than that in
the LiPON. Furthermore the relatively low yield stress may also
prevent crack formation by allowing the structure to relax stress
concentrations locally in the vicinity of the dendrite.6 This and
Lipon's ionic conductivity indicate that Lipon is an excellent
candidate as a thin coating on another solid electrolyte with
higher conductivity.

The work reported here is also relevant because of growing
interest in miniaturized batteries (i.e., microbatteries) with
a small footprint #1 cm2 and uncompromised energy densities
for a wide range of microelectronic applications including
medical implants, hearing aids, and wireless sensor networks.45

Lipon is oen chosen as the electrolyte in microbatteries
because of it can be deposited as a thin-lm.46 Hence the
properties measured here are of direct interest to this commu-
nity as they are relevant to both device manufacturing and
cycling performance.

Data availability
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