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Simple one-step synthesis of LiMn0.5Ni0.3Co0.2O2 thin ﬁlm on Al-doped ZnO transparent current collector
has been achieved and integrated on regular glass substrates using a pulsed laser deposition technique.
The crystal structure, texture properties, ﬁlm morphology, and electrochemical properties are compared
before and after galvanostatic cycling process. The Al-doped ZnO current collector shows excellent
stability after the cycling. Simple ellipsometry measurement coupled with AFM and SEM has been
successfully applied to analyze the ﬁlm failure mode in the half-cell. The successful integration of the
cathode on glass substrates and the application of optical-based failure analysis provide an insightful
approach for potential in operando analysis on solid-state batteries.
© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction
Thin-ﬁlm lithium-ion batteries have been extensively explored
owing to their great potentials as energy storage devices in portable
electronics and microelectronics and the exclusion of electrochemically inactive binder. Thin-ﬁlm components are also necessary in all-solid-state battery to avoid the usage of ﬂammable
organic liquid electrolyte. Currently, most of the substrates used in
thin-ﬁlm lithium-ion batteries are opaque conductive substrates
such as metallic ones, Al-, Cu-, Ti-, and carbon-based substrates [1].
Up to date no demonstration has been made by using glass
substrates.
Glass substrates are cheap and a readily available material
compared with abovementioned conductive substrates and have
been widely used in large ﬂat panel displays (e.g. LED TVs and
monitors) and, recently some early demonstration of integrated
smart electronics and displays [2,3]. However, glass is normally
insulating and a conducting transparent oxide layer is usually
required, such as indium tin oxideecoated glass substrates [4e8].
Furthermore, for future integration of portable electronics directly
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on glass, power storage devices also need to be fully integrated.
Thin-ﬁlm solid-state battery integration on glass substrate could
provide an effective route toward this power solution for future
smart glass electronics.
Analytical operando techniques can provide pathways in
exploring functionalities, operation mechanisms, and failure
mechanisms, especially in a working battery. For example, magnetic resonance imaging (MRI) has been applied to monitor the Li
microstructure evolution [9]. In situ high-resolution transition
electron microscopy (TEM) allows similar observation at much
ﬁner scale [10]. Synchrotron X-ray technique can be used to track
the strain evolution and dislocations motion in electrode particles
[11]. Electron paramagnetic resonance (EPR) was used to observe
strain evolution but only in paramagnetic electrodes [12]. Other
techniques such as X-ray photoelectron spectroscopy (XPS), Raman,
atomic force microscopy (AFM), etc., have also been studied [13]. As
a complementary tool to the above analysis methods, optical-based
failure analysis can provide a real-time, non-destructive approach
to monitor stress evolution, fracture, ﬁlm roughness, and SEI formation, etc. [14e18].
Considering the high optical transparency of glass and the
great potential of optical-based failure analysis for thin ﬁlm
batteries, in this work, we propose to integrate a lithium-ion
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cathode of LiNi0.5Mn0.3Co0.2O2 (NMC 532) are integrated on the
AZO-coated glass substrates. Ellipsometric optical analysis
together with the scanning electron microscopy (SEM) and AFM
are carried to study the failure behavior of the thin ﬁlm cathodes.
The results are coupled with the electrochemical performances of
the half-cells to explore the underlying cathode decay
mechanisms.

battery half-cell on glass substrates to demonstrate the potential
in glass thin-ﬁlm battery integration and optical-based battery
failure analysis. The conceptual schematic of the glass-templated
thin-ﬁlm battery is shown in Fig. 1. Al-doped ZnO (AZO) thin ﬁlm
was selected as the transparent conducting oxide for the current
collector, as it's optically transparent, electrically conductive,
cheap, and earth-abundant [19]. Half-cells based on thin-ﬁlm

Fig. 1. Schematic drawing of the stack of cathode and current collector on glass substrates.

Fig. 2. (a) Out-of-plane XRD pattern of as-deposited NMC/AZO/glass thin ﬁlms, (b) pole ﬁgure NMC(0003), (c) pole ﬁgure NMC(1014), (d) pole ﬁgure AZO(0002), (e) pole ﬁgure AZO
(1014) of as-deposited thin ﬁlms, (f) low-magniﬁcation SEM micrograph of as-deposited NMC/AZO/glass thin ﬁlms, and (g) high-magniﬁcation SEM micrograph of as-deposited
NMC/AZO/glass thin ﬁlms.
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measured at potential ramp rate from 20 mV/s to 400 mV/s. The
optical dielectric permittivity of all the ﬁlms was evaluated using
spectroscopic ellipsometry (J.A. Woollam RC2). The ellipsometer
parameters j and D, related by the equation: rp/rs ¼ tan(j)e(iD)
(where rp and rs are the reﬂection coefﬁcient for the p-polarization
and s-polarization light, respectively) were ﬁtted using the CompleteEASE software.

2. Experimental
NMC532 (MTI) powder was mixed with 15% Li2CO3 (Alfa Aesar),
cold-pressed into a pellet, and sintered at 900  C under O2 atmosphere for 24 hrs. More details can be found in previous reports
[20,21]. Pulsed laser deposition system (Lambda Physik Compex
Pro 205, 248 nm KrF) was applied for both NMC and AZO ﬁlm
growth. The glass substrates are regular analytical glass slides
(Fisher Scientiﬁc). The target-to-substrate distance was set to 5 cm.
For NMC, the growth parameters are laser frequency of 5 Hz for
33 min, energy density of 1.9 J cm2, O2 atmosphere pressure of 10
mTorr, deposition temperature of 550  C, and annealing at 550  C
for 1 h then cooled at10  C/min under 15 Torr O2. For AZO, the
growth parameters are laser frequency of 10 Hz for 7 min, energy
density of 3.3 J cm2, O2 atmosphere pressure of 7 mTorr, deposition temperature at 420  C, and cooled at 10  C/min under 7 mTorr
O2. X-ray diffraction (XRD) was performed using PANalytical
Empyrean Diffractometer system with a Cu Ka1 (l ¼ 1.5406 Å)
source. FEI NOVA nanoSEM Field Emission was used for micrograph
probe at 10 kV. Ar ﬁlled glovebox (MBraun, O2 < 0.1 ppm,
H2O < 0.1 ppm) was used to perform two-electrode measurements
with Li metal anode (Sigma Aldrich) and 1 M LiPF6 in EC:DMC
organic electrolyte. The setup can be found in Fig. S1, the NMC ﬁlm
was partially deposited onto the AZO-coated glass with exposed
AZO electrode. Arbin BTS2000 testing system was used for all the
electrochemical tests. The voltage window for all the measurements is between 2.0 V and 4.2 V and current was kept constant at
about 5 mA/cm2. The C-rate is estimated based on the actual measurement time for each cycle. The cyclic voltammetry (CV) was

3. Results
The out-of-plane XRD measurement results are shown in
Fig. 2(a). The XRD pattern shows both AZO buffer layer and NMC
ﬁlm with highly preferred growth orientation along the out-ofplane direction, and the lattice misﬁt between AZO (0002)
(d ¼ 1.36 Å) and NMC(0006) (d ¼ 1.25 Å) can be calculated by the
following equation:

εk ¼

jdNMCð0006Þ  dAZOð0002Þ j
dNMCð0006Þ

which gives out misﬁt ek around 8%. In addition, the in-plane
texture property was explored using pole ﬁgure measurement
exhibit in Fig. 2(b)(e). Different from the aforementioned out-ofplane XRD pattern, the in-plane pole ﬁgures for both AZO (1014)
and NMC(1014) show a powder-like behavior, indicating a polycrystalline nature along the in-plane orientation. The surface
morphology of the as-deposit ﬁlm was ﬁrst examined using SEM, as
shown in Fig. 2(f) and (g). The larger-view SEM image of the as-

Fig. 3. (a) Charge-discharge curve of the ﬁrst cycle of NMC/AZO/glass with inset showing the dQ/dV plot of that; (b) ﬁve consecutive CV cycles of NMC/AZO/glass thin ﬁlms at
potential sweep rate of 50 mV/s; (c) cycling behavior of NMC/AZO/glass thin ﬁlms for 10 cycles; (d) CV measurements of NMC/AZO/glass after cycles at different sweep rate of 20 mV/
s, 50 mV/s, 75 mV/s, 100 mV/s, 200 mV/s, and 400 mV/s.
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anodic peaks largely increased after the ﬁrst cycle, indicating the
improved redox reaction reversibility after full activation and homogenization. The galvanostatic cycling test shows the capacity
decays fast in 10 cycles, and the C-rate at the 10th cycle is about
2.6C where the 1st cycle has C-rate about 0.3C in Fig. 3(c). The CV
measurements were again applied on the cycled ﬁlm, shown in
Fig. 3(d), and it shows pure pseudocapacitive behavior under
different ramp rates, and the distortion is due to diffusion limit and
is small [28,29].
The cycled ﬁlm was cleaned and the structure as well as surface
morphology were remeasured using XRD and SEM. The out-of-plane
XRD of the cycled ﬁlm is shown in Fig. 4(a), which is observed that
the peak intensities of NMC are largely decreased while that of AZO
almost stays the same. The overlayered plots are shown in Fig. S2,
and only NMC(0003) peak is shown after cycling as the reduction of
crystallinity diminishes the high-order peaks that has lower intensities. Similar trend can be derived from the pole ﬁgure results in
Fig. 4(b)e(e). The NMC(0003) pole show reduced out-of-plane intensity and more randomized orientation distribution, suggesting
possible fragmentation or mechanical failure of cycled ﬁlm. However, the AZO pole ﬁgures almost have no difference compared with
that of the as-deposited AZO. The SEM micrographs in Fig. 4(f) and
(g) conﬁrm the mechanical failure, where the cracks along the grain
boundaries have propagated signiﬁcantly and some intragranular
cracks can also be observed in the high-mag SEM micrograph. The
larger-view SEM image of the cycled thin ﬁlm is shown in Fig. S4(b).
Nonetheless, no obvious ﬁlm delamination is observed.
The uncycled and cycled thin ﬁlms were further optically characterized using spectroscopic ellipsometer. A linearly polarized

deposited thin ﬁlm is shown in Fig. S4(a). It exhibits a typical
platelet grain morphology of layered oxides obtained by pulsed
laser deposition, very similar to prior reported surface morphology
[22]. Besides, some minor cracks can be observed along the grain
boundaries. The possible reasons for this can be a result of strain
relaxation from the large mismatch between the preferred orientation of AZO current collectors and NMC ﬁlms [23e25], which are
calculated above.
The electrochemical measurements were conducted using a
two-electrode setup in the glovebox. The thin-ﬁlm cathode was
cycled between 3.0 V and 4.2 V galvanostatically and the charge
rate can be estimated to be around 0.02C while the discharge rate is
roughly 0.05C for the ﬁrst cycle in Fig. 3(a). The discharge capacity
is about 800 mAh cm2 mm1, which exceeds the theoretical volumetric capacity of 574.08 mAh cm2 mm1 and this suggests heavy
pseudocapacitive contribution from the thin ﬁlm nature as we
believe the extra capacity contribution is from the electric doublelayer capacitor characteristics and the electrolyte species [26]. The
possible electrolyte decomposition can be excluded as the dQ/dV
plot shown in the inset only shows the typical anodic and cathodic
peaks of Ni2þ/Ni4þ pairs [27]. Five consecutive cycles of CV measurements were performed at ramp rate of 50 mV/s in Fig. 3(b). The
average potential of cathodic peaks is around 3.5 V and that of
anodic peaks is 3.95 V, representing Ni4þ/Ni2þ reduction reactions and Ni2þ/Ni4þ oxidation reactions, respectively. The
relatively large potential difference between anodic and cathodic
reactions suggests a signiﬁcant polarization in the cathode, which
is expected due to the thin-ﬁlm properties of the as-deposited
NMC. It is also noted the intensity ratio of cathodic peaks to

Fig. 4. (a) Out-of-plane XRD pattern of cycled NMC/AZO/glass thin ﬁlms, (b) pole ﬁgure NMC(0003), (c) pole ﬁgure NMC(1014), (d) pole ﬁgure AZO(0002), (e) pole ﬁgure AZO (1014) of
cycled thin ﬁlms, (f) low-magniﬁcation SEM micrograph of cycled NMC/AZO/glass thin ﬁlms, and (g) high-magniﬁcation SEM micrograph of cycled NMC/AZO/glass thin ﬁlms.
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Fig. 5. (a) Real parts and (b) imaginary parts comparison of permittivity curves for NMC/AZO/glass thin ﬁlms before and after cycling; the AFM surface mappings of NMC/AZO/glass
thin ﬁlms (c) before cycling and (d) after cycling showing roughened surface due to electrochemical cycling.

This is the next-step progress before the full-cell integration could
be realized on glass substrate, which will have to introduce solid
state electrolyte (SSE). In addition, owing to the commonly lower
ionic conductivity of SSE compared with organic liquid electrolyte
as well as the prevailing interfacial instability, electrode modiﬁcation also needs to be practiced.
Furthermore, the ellipsometry measurements demonstrated an
optical-based failure analysis method. This technique is less
dependent on hardware compared with other techniques which
require either special designed cell or medium- to large-scale
complex equipment such as AFM, EPR, MRI, XPS, etc., mentioned in
the introduction section, and such easy accessible detection
method is highly appreciated as in-operando technique. In addition,
this technique collects more information than multibeam optical
stress sensor technique, which only reﬂects mechanical information. However, systematic study will be carried out on NMC cathode
at different failure modes and stages to correlate them with
different ellipsometric response.

light was incident onto the NMC/AZO/glass stack and the reﬂected
light was collected for analysis. The ellipsometric parameters j and
D, measured at three different incident angles (55 , 65 , and 75 ) is
shown in Fig. S3. At the 75 incidence angle, a sudden change in D
can be seen in the uncycled sample. This sudden jump shows a red
shift and becomes weaker for the cycled sample. This change in the
j and D can be attributed to the development of cracks within the
ﬁlm as has been reported previously [16], which matches with the
SEM result. Furthermore, the j and D parameters were modeled
using a three-layer isotropic model consisting of the NMC thin ﬁlm,
the AZO current collector, and the glass substrate. The thickness of
the layers was calculated using STEM images and provided as an
input to the model. AZO layer was modeled using a Drude-Lorentz
oscillator while the NMC layer was modeled using a Lorentz and
Tauc-Lorentz oscillator. The permittivity of the AZO layer was
assumed to be constant during the ﬁtting. Fig. 5(a) and (b) show the
calculated permittivity of the NMC ﬁlm for the uncycled and cycled
state. Clearly, the permittivity shows a red-shift upon cycling the
sample. Furthermore, the AFM surface mappings in Fig. 5(c) and (d)
demonstrate a roughened surface of NMC thin ﬁlms due to the
electrochemical cycling. Such change of the ﬁlm can be related to
CEI formation and the heterogenous damage during cycling at the
coherent interface of NMC and AZO [17,30].

5. Conclusions
In this work, translucent NMC thin ﬁlm on AZO-coated transparent glass substrate as a half-cell structure has been successfully
demonstrated for optical-based failure analysis. The ﬁlm integrated
on AZO-buffered glass shows a rapidly decayed electrochemical
performance upon cycling. The primary failure mechanism is the
formation of cracks due to the large lattice mismatch between the
NMC ﬁlm and the AZO buffer. This is conﬁrmed from the ellipsometry result by the red shift and reduced dielectric properties in
the ellipsometric measurement results, and also consistent with
the surface morphologies observed from SEM and AFM. This

4. Discussion
This work has demonstrated the possibility of electrode integration on glass substrates. However, the electrochemical performance is not satisfying due to the unideal current collector, and this
could be potentially resolved by selecting other transparent conducting oxides or nontransparent Au metallic current collectors.
5

Z. Qi, R. Xu, S. Misra et al.

Materials Today Advances 10 (2021) 100142

demonstration of thin ﬁlm battery integrated on glass substrates
paves a path toward future integrated power sources for smart
glass integrated electronics and provides a non-destructive method
for in situ monitoring of all-solid-state lithium-ion batteries.
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