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Understanding the impedances of battery materials and their interfaces remains a major challenge,
usually addressed by electrochemical impedance spectroscopy (EIS) where frequency-dependent
complex impedance of full battery cells is measured and then modeled by a network of connected
electrical elements. As conventionally applied, this approach produces ambiguity in that (1) multiple
different network configurations may fit the data convincingly and (2) the method offers no direct
association of the electrical elements with physical features of the battery. Here we present a new
methodology that resolves both sources of ambiguity, enabled by expanding the experimental scope
to directly inform the configuration of elements and their parameters in the network model.
We demonstrate this methodology using thin film fabrication of solid state battery devices patterned
by shadow masked sputter deposition, so that diagnostic devices corresponding to individual interface
and material components can be fabricated simultaneously with full cell batteries. EIS models for the
diagnostic devices can then be connected to form full cell networks whose topology matches the well-
known physical configuration of the battery. When connected in this way, the full network model —
made from connecting the diagnostic device EIS models — fits the full cell EIS data. For the case of a
thin film solid state battery composed of amorphous silicon anode, lithium phosphorus oxynitride
(LIPON) solid electrolyte, and lithium vanadium oxide (Li,V,Os) cathode, we show that the approach
allows us to identify ionic impedance/conductivity of the cathode/electrolyte as a limiting impedance
and the anode/electrolyte interface cycling instability as a primary degradation factor.

The use of electrochemical impedance spectroscopy (EIS) as a non-destructive technique for investigating the properties of battery materials and full cells is
very well established. Yet the conclusions drawn from EIS may often be contested by the battery research community due to the risk of ambiguities on data
analysis. These ambiguities result from the complex interdependencies between anodes, cathodes, electrolytes, and their interfaces. Each of these parts are

necessary for a functional device, but when they are combined in a non-systematic way, they force researchers to attribute results in a nearly arbitrary manner.
This work presents how EIS features of thin-film solid-state batteries can be accurately attributed using a new materials-agnostic methodology. Our
methodology enables a well-founded implementation of physics-based electric circuit models for each layer and the use of EIS to monitor interface kinetics and
identify causes of performance degradation. We predict that this new diagnostics protocol will benefit the optimization of next-generation solid-state batteries

while minimizing the quantity of devices and amount of materials necessary for their research and development.
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Commercial viability of all-solid-state batteries depends on the
increase in their energy and power densities while maintaining
high coulombic efficiency for tens of thousands of cycles. While
many studies of SSB performance have focused on decreasing
the contact impedance between the stiff solid electrolyte and
the electrodes, some authors have emphasized that a broader
careful study of the charge transfer kinetics, chemical reactions
and eletrochemo-mechanics at interfaces is essential for the
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advancement of these devices.'™ Interfaces may evolve such
that the charge transfer becomes unfavorable, and interphases
with immobile chemical elements might be formed, resulting
in higher impedances, local degradation and lower capacity
over their cycle lifetime.>””” Therefore, it is scientifically and
technologically valuable to comprehend the different proper-
ties of interfaces in SSBs created during the fabrication process,
and their evolution during operation.

Upon contact of different materials during the fabrication
of solid-state batteries (SSBs), heterogeneous interfaces are
formed, which evolve to an energetic equilibrium. Even if the
materials are chemically stable against one another, their
different electronic and ionic chemical potentials must equili-
brate at the interface, inducing charge transfer. Energy band
diagrams of these heterojunctions describe the local charge
distribution that could be favorable for charge transfer during
operation of SSBs or not. For instance, interface dipoles and
extended space-charge regions can lead to internal impe-
dances, such that interface regions may have distinct electro-
chemical properties from the bulk materials depending on the
specific solid-state electrolyte—electrode combination. For
example, different choices of solid electrolytes upon contact
with lithium cobalt oxide (LCO) can result in narrower or wider
space-charge regions at the interface, and annealing of lithium
manganese oxide in contact with lithium lanthanum zirconium
oxide (LLZO) caused migration of Mn atoms to the electrolyte
layer.>™*°

A variety of techniques have been implemented for in situ
characterization of such heterostructures. Cryo-STEM (scanning
transmission electron microscopy) combined with EELS (electron
energy loss spectroscopy) can provide important visualization and
characterization of the systems, but may not entirely preserve the
nature of interfaces due to ion-beam damage and the nature of
the free surfaces produced by cross sectioning.”'’ KPFM (Kelvin
probe force microscopy) measurement has emerged as a powerful
technique that can describe local potential differences across
interfaces,'” but it presents an incomplete picture in terms of
quantitative analysis, and the sample preparation using FIB may
interfere with the chemistry and local distribution of charges at
the exposed surface.*?

A simpler, non-destructive, characterization technique that
has been used to describe reactions and materials properties in
battery systems is electrochemical impedance spectroscopy
(E1S),"*""” which can be implemented in a dynamic mode for
evaluation of electrical responses of a device at different states-
of-charge.’'®>* For any battery condition, the frequency-
dependent complex impedance of full battery cells is measured
and then modeled by a network of connected electrical ele-
ments. As conventionally applied, ambiguities may arise when
interpretating the electric circuit models for description of a
battery upon cycling®*® due to (1) infinite ways to model an
equivalent impedance using simple electric circuit elements,
and (2) the lack of having a direct association of battery
properties with those circuit elements.

For the first time ever reported, evolution of interfaces in a
thin-film SSB and their kinetics were reported using a new
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device fabrication methodology coupled to electric circuit mod-
eling. The protocol involving the simultaneous fabrication of
diagnostic test devices and complete stacks of thin-film SSBs
serves as a multipurpose platform, in which the following
subjects can be investigated:

e Compatibility of promising materials for electrochemical
systems

e Extraction of materials properties as a function of charge/
discharge, like electrical conductivities and relative permittivity

e Extraction of interfacial properties, like space-charge layer
widths and electrical conductivity

e Deconvolution of individual bulk and interfacial para-
meters

e Identification of localized layers that potentially contribute
to device degradation and capacity fading.

Using a system of materials with well-studied structural and
morphological properties, an electric circuit model based on
physical assumptions validated the hypothesis that interfacial
kinetics in thin-film SSBs can be studied using a non-
destructive technique (EIS). As a demonstration, we investigate
the case of a Cu/Si/LiPON/Li,V,05/Al solid state battery and
show that the approach allows us to identify which elements in
the full battery cell limit its performance.

Microfabrication is the manufacturing strategy responsible
for the successes of microelectronics and related thin film
technologies. It is ideal here for solid state battery research
because physical vapor deposition processes (sputtering, eva-
poration, etc.) can be patterned by shadow-masking sequential
depositions of different materials. Microfabrication also
enables arrays of devices to be made simultaneously, either
as identical or different structures, so that here diagnostic
devices for single material or interface can be concurrently
produced with full battery cells on the same substrate/wafer.
Finally, with multiple sputtering sources for battery materials,
interchangeable shadow masks, and multiple wafers main-
tained in high vacuum as multiple patterned depositions are
carried out sequentially, pristine structures and materials pro-
mote a high degree of cleanliness and control in the experiments.

We find that ionic impedance/conductivity of the cathode/
electrolyte is the limiting impedance and the anode/electrolyte
interface cycling instability as a primary degradation factor
at 500 cycles. Furthermore, the use of diagnostic sites as
individual interfaces and bulk materials provides estimates of
conductivities, relative permittivity, and space charge region
properties at the interfaces.

Methods

Microfabrication of devices

A 4 x 4 array of thin-film SSBs, as well as diagnostic test devices
that are permutations of individual battery components and
their interfaces, were fabricated using a sputtering tool (AJA
ATC Orion 8) with a UHV-coupled mask exchanger. The process
involved a sequence of in situ patterning using three different
shadow masks and substrate rotation so that both SSBs and the

This journal is © The Royal Society of Chemistry 2025
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Fig. 1

Illustration of shadow masks used for in situ patterning of devices and their fabrication sequence. In this case, 16 SSBs and diagnostic devices were

fabricated simultaneously in a 3-inch silicon wafer. Materials used: copper as anode current collector, amorphous silicon (a-Si) as anode, lithium
phosphorus oxynitride (LiIPON) as electrolyte, lithium vanadium oxide (LVO) as cathode, and aluminum as cathode current collector.

diagnostic test devices could be fabricated in the same run,
with no air exposure at any time, and sharing a single substrate
(3-inch silicon wafer with a 500 nm layer of thermally grown
silicon dioxide). Shadow masks were designed such that an offset
of their patterns allowed substrate rotation and reutilization of 2
masks for following deposition steps, illustrated by Fig. 1.

For this work, 50 nm of copper was sputtered using a
shadow mask for bottom electrical contact of all the devices.
rf-sputtering was used to deposit 45 nm of amorphous silicon
using a power of 3.7 W cm™ > under a 3 mTorr argon atmo-
sphere for the anode layer. 570 nm of lithium phosphorous
oxynitride (LiPON) was chosen to be the electrolyte, which was
deposited by reactive rf-sputtering, using a lithium phosphate
(LizPO,) target with an applied power density of 3.2 W cm™>
under a 1.5 mTorr nitrogen (N,) atmosphere. 490 nm of lithium
vanadium oxide (LVO) was deposited to serve as the cathode
layer using a previously developed co-sputtering process.>®
To do so, Li,O and V,0Os5 targets were simultaneously sputtered
under a 1.5 mTorr argon (Ar) atmosphere. Their respective
power densities during deposition were 5.9 W c¢cm™ > and
7.6 W cm ™2, At the end, a 60 nm-thick aluminum layer was
sputtered for top electrical contact, and the substrate was then
post-annealed at 300 °C for 3 hours under low-pressure N,
atmosphere (5 mTorr) after completing all the deposition steps.
Thicknesses of the deposited materials were measured from
cross-sectional SEM images (Hitachi SU-70 FEG). With respect
to the full cell parameters, the anode and cathode thicknesses
were matched to provide an N:P ratio of 1.2, based on the
intercalation/deintercalation of 2 Li* per mol of V,0s. The
cathode component does not have any conductive additives,
binders, or composite formation with the solid electrolyte.

This journal is © The Royal Society of Chemistry 2025

Our procedure fabricated a dense cathode film that was 100%
constituent of active material (LVO). The mass loading of LVO
was 120.7 ug cm™ . Capacity values are reported based on the
mass of LVO (18.1 pg).

Characterization and testing of devices

Out of the 16 full thin-film SSBs sharing the same substrate,
4 of them failed after fabrication, thus the device yield was
75%. Working full cells presented similar open-circuit voltage
(OCV) readings, with no more than 15% of variation. Electro-
chemical measurements were done using a potentiostat (Bio-
Logic, SP-300) with electrical feedthrough connections inside
an argon-filled glovebox, using a probe station with microma-
nipulators in a two-electrode configuration, in which the cop-
per contact was both the counter and reference electrodes, and
the aluminum contact side was the working electrode for all the
tested devices. The stability of the electrical connection using
micromanipulators could be confirmed by an evaluation of
the OCV of the devices. Usually, we monitor the OCV for about
5 minutes before making any testing. This time is normally
enough to verify fluctuations on the voltage that would reflect
on a poor electrical contact. If the OCV varies more than 5%
within this testing period, the electrical contact is reestab-
lished. A satisfactory electrical connection of a single device
occurred when the OCV reading was retested by removing
the electrical connections, touching the needles using the
micromanipulators again, and it varied less than 2% of a
first stable measurement. Potentiostatic electrochemical
impedance spectroscopy (PEIS) was used for evaluation of
impedance profiles for the diagnostic test devices and the SSBs.
A sinusoidal voltage signal with 10 mV amplitude was
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applied as a perturbation about each device’s initial open-
circuit voltage (OCV).

For some of the devices, an impedance spectrum was
obtained at multiple voltage steps, from 0 V to 3.6 V (vs. Cu),
with an increment of 180 mV. A wait time of 5 seconds was used
after incrementing the voltage before each EIS measurement at
the incremented voltage, and the total time for a complete
measurement under this voltage window was 1.5 hours. The
frequency of the input signal varied from 250 kHz to 250 mHz
(30 points per decade), and the total impedance was recorded at
every measured datapoint. The collected impedances of the
devices were then fitted using Z-fit, from the Biologic EC-lab
software, for circuit element parameter estimation. For each
tested device, an appropriate electric circuit model was
designed to associate the electric parameters to the physics of
the devices during operation. The Simplex + Monte-Carlo
method in Z-fit was used to minimize the fit.

Results and discussion
Electric circuit model description of working elements

The choice of materials for fabrication of thin-film SSBs was
based on their previously reported compatibility'>*¢~*° and due
to their simple structure with no grain boundaries, which
simplifies the electric circuit model of the final SSB. Amor-
phous silicon (a-Si), lithium phosphorus oxynitride (LiPON),
and lithium vanadium oxide (LVO) were chosen to be the
anode, electrolyte and cathode layers of the devices in Fig. 1.
Copper and aluminum were sputtered as the anode and cath-
ode current collectors, respectively, due to their electrochemical
stability®! at respectively low and high voltages.

Each battery component can be associated with electric
circuit parameters based on their physical properties.*>** Two
general assumptions were made for the purpose of electric
circuit modeling of these materials: (i) the current collectors
(both the Al and Cu layers) are ion-blocking; and (ii) the LVO,
LiPON and silicon layers are homogeneous and amorphous, so
grain boundaries are not present in this study.

The motion of charges inside each element is represented by
a resistor (R). In particular, the electron transport inside the
external wires and the thin film metal contacts is combined and
represented by a single parameter, Ruiring. Extra electrical
parameters need to be added to include the effect of charge
storage between the two metal contacts, i.e., the geometrical
capacity of the layer(s) to be studied, and also the space-charge
regions that exist at interfaces in contact with different materi-
als. Constant-phase elements (CPEs) will be used to represent
the capacity of battery components and interfacial charge
storage mechanisms. The choice of CPEs instead of idealized
capacitors follows a long history of their use in electrochemical
analysis.>*’ Generally, CPEs are more representative of inho-
mogeneous interfaces which exhibit a distribution of time
constants, which may be due to polycrystallinity, defects,
roughness, or a variation in resistance with distance from an
interface as well.
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The placement of each circuit element in relation to the
others depends on the known form of the sample, and can be
divided into three cases: geometric capacitance, blocking con-
tacts, and charge transfer. As every device stack exists between
two metallic electrodes, we chose a geometric CPE to be in
parallel to all other elements as it represents charge accumula-
tion due to the change in dielectric properties from metals to
semiconducting or insulating media. Blocking contact CPEs are
then placed in series with transport resistances to represent
charge accumulation at boundaries. Finally, charge transfer
CPEs are placed in parallel to charge transfer resistances to
represent electrochemical reactions that occur across some
finite volume of the device.

Fig. 2 shows a real image of the final microfabricated devices
sharing a single substrate and the electric circuits that were
modeled for each diagnostic device according to the physical
phenomena happening at the battery components and inter-
faces. A final electric circuit was built for the thin-film SSB
using the numerical values extracted from the electric circuit
models of the diagnostic devices.

Simple materials: LiPON, LVO, and a-Si. The resistance of
Li" to move inside the LiPON layer is represented by Ryipon-
Since its electronic conductivity is negligible,***° charge trans-
port inside LiPON can be considered to be purely ionic. For the
case of mixed conductors, like LVO and a-Si, the majority
charge carriers are Li" and electrons. This means that there is
a current flow due to the movement of Li* in one direction, and
another current flow in the opposite direction from the move-
ment of electrons inside these layers during EIS, and their ionic
and electronic resistances will be represented by R; and R,
respectively, in a parallel association.

Simple interfaces. In a complete thin-film SSB, multiple
interfaces are created during the fabrication process, and each
one of them will have distinct electrical properties. In this work,
the accumulation of charges (both ions and electrons) upon
contact of battery materials creates space-charge layers (SCLs)
in which their widths are qualitatively equivalent to electrical
double layer (EDL) thicknesses in liquid electrochemical sys-
tems. Having diagnostic test devices that correspond to indivi-
dual battery components shown in Fig. 2 promotes the
investigation of every interface (and their respective SCLs) in
a thin-film SSB and the interfacial stability before and after
cycling.

One of these test devices relies on a metal-insulator-metal
arrangement to evaluate the EIS for the insulating electrolyte
LiPON. Although the electrolyte-metal interface (EMI) present
in such a test device does not exist in the full thin-film SSB,
important properties related to the permittivity and ionic
resistance of LiPON can be extracted when this interface is
decoupled from the rest. During an electrochemical impedance
spectroscopy (EIS) measurement, a sinusoidal voltage input
creates an electric field such that a majority of Li* inside LiPON
migrates’’ towards one of the EMIs when the frequency range
is sufficiently small. Li" arriving at the EMI will be blocked by
the metal layer. Electrons flowing inside the metal will reach
the same interface for charge neutrality, but will be blocked due

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Electric circuit models derived for each diagnostics device and thin-film SSBs. Properties of individual layers and interfaces/interphases were
extracted from numerical values of color-coded electric circuit elements. For instance, electrical properties of LVO, LIPON and Si were modeled using
elements in red, blue and green, respectively. The cathode—electrolyte interphase and the anode—electrolyte interphase were modeled using electric

circuit elements shown in orange and purple, respectively.

to the dielectric properties of the electrolyte, creating a capa-
citor-like behavior at the EMI (Cgyy). The lower the frequency,
the more time is allowed for the motion of Li*, so the higher the
number of charges near the EMI. On the other metal side, there
is a higher concentration of lithium-ion vacancies,*” which also
creates a space-charge region in which its thickness denotes the
Li" depletion width.

The anode-metal interface (AMI) and the cathode-metal
interface (CMI) will generate space charge layers (SCLs) with
distinct electrical properties in comparison to EMI. Li" migrat-
ing inside LVO and/or a-Si during cell charge/discharge will
accumulate at their interfaces with the metal layers, while
electrons are not blocked. While this type of interface has not
been widely studied in the battery field, its behavior under
different states-of-charge might reveal important features about
the rate of reaction between Li* and electrons, if the ionic and
electronic conductivity at these interfaces remains constant.
Ideally, kinetically stable interfaces should maintain their
electrical properties, and variations of their conductivities can
therefore reflect degradation of batteries during their lifetimes.

The other two remaining interfaces that are created during
fabrication are the anode-electrolyte interface (AEI) and the
cathode-electrolyte interface (CEI). They are very challenging to
be modeled in an electric circuit since intermixing is likely to
occur and interphases can be formed during fabrication and
under electrochemical cycling. Previous studies have demon-
strated that a wide intermixing region between ALD V,05 and
NaPON electrolyte developed in the course of the deposition
process.”® In another study, interdiffusion between lithium
manganese oxide and LLZO occurred after electrochemical
cycling.'® In addition, Li* diffusion was reported to occur
during sputtering when depositing LiPON on V,05,** so an

This journal is © The Royal Society of Chemistry 2025

interphase is likely to be formed between the cathode and
electrolyte thin films in this current work.

Preferably, these interphases will have high ionic conduc-
tivities with low electronic conductivities to allow the charge
transfer of Li" from the electrolyte to the anode/cathode and
vice versa while suppressing the diffusion of electrons to mini-
mize charge accumulation in those interphase regions and side
reactions that could lead to lithium immobilization, resulting
then in capacity fading.* They are the most widely studied
interfaces in a battery because their local impedances can
compromise the total performance of the device. In this work,
both AEI and CEI will be modeled as a resistance in parallel to a
CPE, in which the resistance is attributed to the charge transfer,
and the CPE will inform about their SCLs.

Building full-cell electric circuit model from component EIS
signatures

In this work, the investigation of different interfaces and
materials that are formed in a SSB and their evolution under
different states-of-charge was primarily based on impedance
spectroscopy data. For every device fabricated and shown in
Fig. 1, an equivalent electric circuit was modeled by considering
the materials properties and the mechanisms of charge
dynamics under different frequency ranges.*>*>™” Then, the
acquired impedance spectra of the measured devices were
fitted using the proposed electric circuit models from Fig. 2
for an estimate of the physical properties, like conductivities
and relative permittivity values of bulk materials, as well as the
width of space-charge regions at interfaces. Electrical proper-
ties will be extracted firstly from fitting these equivalent circuits
to the measured EISs of the individual layers (called as
the diagnostic test devices). Next, these parameters will be

Energy Environ. Sci., 2025, 18,1783-1800 | 1787
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transferred to bilayers, and finally assembling the layers and
interphases to describe the full cell EIS. Ultimately, the perfor-
mance and capacity degradation of a full thin-film SSB after
500 cycles will be explained by analysis of the EIS through the
lens of the individual components.

For each analyzed set of impedance data, the complete
frequency range (250 kHz-250 mHz) was fitted to the respective
electric circuit model, which is a very important aspect when
discussing charge accumulation or depletion of charges at low
frequencies. More information about the equations derived for
calculation of equivalent impedance, relative permittivity, and
width of SCLs can be found in the ESI.{

LiPON-only diagnostic test device. To begin, the diagnostic
test devices designed for individual battery materials were used
to extract information about materials properties of LiPON, LVO
and a-Si. In Fig. 3a, the impedance data of the LiPON-only test
device (i.e., Al/LIPON/Cu) was fitted using the electric circuit model
shown in the same graph. At frequencies lower than 9 kHz,
transport of Li" to the EMI inside LiPON occurs, while at higher
frequencies there is not a substantial concentration of charge but
rather polarization of charges within the bulk of the LiPON.
(A more in-depth analysis of the expected impedance behavior
under different frequency ranges can be found in Fig. S1, ESI).

View Article Online
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The proposed electric circuit model can also be used for
dynamic impedance analysis, i.e., when varying the applied
voltage. In this case, for every increase or decrease in the
applied bias, an impedance spectrum is acquired, and the
parameters of the electric circuit model are used to fit the EIS
spectra. Hence, any changes in the LiPON properties or inter-
facial reactions are reflected on the variation of the electric
circuit parameters. Fig. 3b shows the calculation of ionic
conductivity of LiPON (opipon) at a voltage window of 0-3.6 V,
according to the following equation:

1 (dLiPON)
Ryipon\ 4

Where Ry ipoy is the resistance obtained from the fitting analy-
sis using the electric circuit model, dy;pon is the thickness of
LiPON, and 4 is the active area of the device. Although there is a
fluctuation of o1pon as the voltage is increased, it relaxes back
to its initial value when the voltage was decreased. The average
ionic conductivity in this voltage range was (2.3 + 0.1) X
107° S cm ™', which shows the electrochemical stability of the
electrolyte, and it agrees with the literature values for ¢y;pon."®

As noted earlier, one potential explanation for CPE behavior
is a distribution of material resistance near an interface,

OLiPON =

(1)

a) 250 b) 2.45
CPE ipon — —e— Increasing voltage —>
g —a— Decreasing voltage «——
~ /
200 - 0 2404
1 kHz =
R\Mring b
=
1504 Ripon CPEgw g 2.35]
Q}, —— electric circuit model -g
R | ocv=029V o i
N 100 ® Cu/LiPON/AI o 230
c
kel
i Z 20925
50 i 8 N Vi
250 kHz 3
O T T T T 2'20 T T T T T T T T
0 50 100 150 200 250 00 04 08 12 16 20 24 28 32 36
’ Cell Voltage (V vs Cu
c) 300 Z(©) d) o5 ge ( )
6
Interfacial Bulk Electrolyte-
> oo  223:14 5 domain domain '15% . LiPON | Metal Interface
= (@somHz) 30 § c E 20 [|L__—] > (EMI) -
= g4 2 T
£ 200 N 455 29
4 = N >
i 3 60y % & 15-
= c
g 2 75 ":é:. I3 %
® 150 % 5B
2 10 1 2 3 4 5 6 5 £ 104
= log [frequency (Hz)] ol %
O 1004 ]90:£6(1khz) e
o 70 + 4 (9 kHz) n - 54
- 50 56 £ 4 (62 kHz) 48 + 3 (250 kHz) © —e—Increasing voltage 5
] —a— Decreasing voltage «—
T T T r - . 0 T T T T T T T T
0 50 100 150 200 250 300 00 04 08 12 16 20 24 28 32 36
Frequency (kHz) Cell Voltage (V vs Cu)

Fig. 3

(a) Impedance spectrum of LIPON-only diagnostic test device at OCV with the representation of the electric circuit model for data analysis;

(b) LIPON ionic conductivity at different applied voltages; (c) relative permittivity of LIPON at different frequencies at OCV; inset: Bode diagram of device
at OCV, in which the blue line corresponds to the phase of the total impedance, and the black line is the log of the total impedance modulus;
(d) computed space-charge layer (SCL) width at the electrolyte—metal interface (EMI) under different applied voltages calculated at the lowest frequency

measurement (250 mHz).
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but here we exclude this effect due to the small deviations in
oLiron-. Since bulk properties can now be distinguished from
interfacial reactions using the electric circuit model proposed
here, the relative permittivity of LiPON (eipon) could be
computed as a function of frequency:

dy
eLipON () = ( E:ZN) Criron(w) (2a)
dyi i . (T
suron (o) = (L98) GO o Saon) ()

Where o is the angular frequency (rad s '), Q has units of
F/s'™% and a is unitless. Both Q and a parameters were
extracted from the electric circuit element (CPEpon) used to
model the geometric capacitance of LiPON. Hence, relative
permittivity values could be calculated for every voltage step
according to variations of CPEpon. More information about
the derivation of eqn (2b) can be found in the ESI.{ Fig. 3c
shows that above 9 kHz é&;pon Smoothly decreases towards
values close to 48. Although reported values of ¢ ;pon are usually
smaller®**?*° than the one estimated here, direct comparisons
are imprecise because calculations are usually made using fixed
frequencies values in the literature. Le Van-Jodin et al>® has
also found a similar frequency-dependence of the LiPON rela-
tive permittivity, in which its high values at lower frequencies
were directly related to electrode polarization. Compositional
changes like Li and N content should affect &;jpoyn as well.>*>
Below 9 kHz, interfacial reactions are dominant, and & jpon
gets exponentially higher. The inset graph (Bode plot) confirms
the bulk domain vs. interfacial domain over the studied
frequency range.

SCL width at the two EMIs were monitored over different
applied biases. Any changes in the electric circuit parameters of
CPEgy (both @ and Q, see eqn (S7) and (S12) on ESI¥) result in
changes to charge accumulation and interfacial kinetics. The
SCL width (dscr) for thin-film stack devices could then be
calculated as follows:

_eLipon ()0 A '~

dscL = Cont (@) = eripon(w)en A4

€)
)

QOgmi sin (gaEMI

Therefore, both & ;pon and Cgyy will vary as a function of
applied bias, which resulted in changes of the dgscp. It was
assumed that the width of the Li" accumulation at one EMI has
the same length as Li* vacancies on the other EMI, even though
the metal contacts are different (copper and aluminum), so the
width of each SCL in Fig. 3d is an approximate and average
result. Adding 2 CPEgy; parameters to the electric circuit
model, where each of them would correspond to one EMI,
could be more accurate but it would not be possible to fit them
without a high degree of correlation, giving rise to ambiguities
in data analysis. At low voltages, the SCL is 7-12 nm wide,
and towards 3.6 V (vs. Cu) there was an increase of this layer up
to 20 nm. Those larger values are consistent with a similar
direct measurement of the Cu/LiPON interface using electron
holography.>® The increase in the width of the SCL at higher
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potentials might indicate an eventual LiPON decomposition
due to its electrochemical instability above 2.5 V vs. Li/Li".>*>>

LVO-only and Si-only diagnostic test devices. After obtaining
information about the properties of LiPON, the cathode-only
and anode-only diagnostic test devices were analyzed. In Fig. 4a,
two semi-arcs are found in the impedance spectrum of the LVO-
only diagnostic test device. The size of each arc depends on the
conduction of ions and electrons in a mixed conductor. Two arcs
are usually visible***® when both ionic and electronic conductiv-
ities are comparable. The relative permittivity of LVO was esti-
mated to be (37 £ 5) at 250 kHz.

In contrast to the low-frequency profile of the LiPON-only
diagnostic device, which showed a linear relation between real
and imaginary impedance components, a second and smaller
semi-arc appears in the LVO device. This is explained by the
fact that although Li* are blocked when they accumulate at the
CM]I, electrons will be free to flow. For the LiPON-only diag-
nostic test device, charge accumulation at the interfaces took
place below 9 kHz, while for LVO it was ~150 Hz. This is
meaningful because it shows that the time constant for LVO is

500
a) CPELo
400 >
R\‘LVO CPEinterface
AMAANN— D
300 4 Rwiring /\/\/\,
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v 200 —— electric circuit model
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Fig. 4 (a) Electric circuit model for the LVO-only test device and impe-

dance spectrum at OCV. (b) Impedance spectrum of Si-only diagnostic
device at OCV and the electric circuit model that represents this device.
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bigger than the LiPON-only device, i.e., a shorter time is needed
for Li* inside LiPON to reach the EMI in comparison to the Li"
transport in LVO.

Indeed, this is confirmed when the resistances of the electric
circuit model are used to compute conductivity values for each
charged species in LVO. The calculated ionic conductivity was
oivo = 0.12 x 10°° S em ™" while the electronic conductivity
was 0ervo = 0.71 x 107° S em™". Therefore, oyipon iS about
20 times bigger than g;;vo, which explains the fast Li" accu-
mulation at the EMI on LiPON-only diagnostic device. At the
minimum measured frequencies (250 mHz), the width of SCL
at the CMI was estimated to be (38 £ 6) nm. The SCL width at
the CMI is bigger than the value found for EMI since &yo >
eLipon. Because oeivo is ~6 times larger than oj1yo, it is
possible that, under an EIS experiment, electrons are diffusing
from the metal layer to the LVO and reducing more Li" at the
interface.

In Fig. 4b, the impedance spectrum of the Si-only diagnostic
test device and the electric circuit model used for its fitting
analysis are shown. After a-Si deposition, no Li" are present,
so there is conduction of electrons only (there could be mobile
holes from defects, but the impedance spectrum shows no
evidence, so they can be considered as minority carriers). Since
the deposited a-Si layer is thin (45 nm), the total impedance is
reduced so wiring effects are more pronounced, which were
modeled using a series inductor.?”>” At low frequencies, the
impedance tends to a resistor behavior, with an area-specific
resistance of 1.6 Q cm®. The relative permittivity of a-Si was
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estimated to be (13 £ 1) at 250 kHz, and the SCL width at the
silicon-metal interface could not be modeled in this device due
to the pronounced wiring effect previously described.

LiPON-LVO interphase diagnostic test device. Using the
information learned from the diagnostic devices of individual
battery components, properties such as relative permittivity
and ionic and electronic resistances can be used to analyze
critical interphases under cycling. Electric circuit parameters
previously fitted on these test devices are transferred to the
bilayer devices, in which the AEI and CEI are present.

For instance, when LVO is in contact with LiPON, a redis-
tribution of charges is expected to happen, resulting in a CEI
formation with distinct electrical properties. Given our interest
in understanding the full range of interface behavior, we use
the term “interphase” to recognize important aspects such as
interfacial reaction, space charge layers, and the reality that
these phenomena will cause effectively a finite thickness for the
interphase. Our methodology makes it possible to anticipate
the properties of this interphase (and SCLs at metal interfaces)
from the electric dynamics of the individual LiPON and LVO
layers using the electric circuit models from the isolated LVO
and LiPON devices. The estimated circuit parameters and
network topology for the LiPON-only (shown in blue in
Fig. 5¢) and LVO-only (shown in red in Fig. 5c¢) diagnostic
devices are incorporated into the larger electric circuit model
(Fig. 5c¢) of the LiPON-LVO diagnostic device for data
fitting and analysis as an informed starting point for fitting
the LiPON-LVO model to the experimental EIS data for this
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Fig. 5 Impedance spectra of LIPON-LVO diagnostic test device when (a) increasing the voltage, and (b) decreasing the voltage gradient; (c) schematics

of the device and the electrically modeled interfaces (and interphase). The

values of circuit parameters in blue were taken from the LiPON-only device,

and the same applies for circuit parameters in red, taken from the LVO-only device. Circuit parameters in orange are representing the CEl; (d) cyclic
voltammogram of LIPON-LVO device; (e) LVO ionic conductivity and (f) LVO electronic conductivity as a function of applied bias.
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diagnostic device. Then every parameter is allowed to relax to
its appropriate value for best fit to the LIiPON-LVO EIS data.
The great benefit behind this approach is not only that the
isolated LVO and LiPON diagnostic test devices provided initial
guesses for the LVO-LiPON device parameters, but rather that
the associated parameters are representative of the physical/
chemical properties of the LiPON/LVO diagnostic device and
that the smaller submodels in Fig. 5c are connected in an
arrangement corresponding to physical reality (e.g. EMI/LiPON/
CEI/LVO/CMI).

Hence, charge dynamics and internal impedances can now
be fully resolved under different states-of-charge. By increasing
the applied voltage in this system, Li* will be moving from LVO
to LiPON. Decreasing the applied voltage will result in Li*
transfer in the opposite direction. Impedance diagrams from
Fig. 5a and b show that the LiPON-LVO test device can be
modeled using the electric circuit from Fig. 5c, and a signifi-
cant change in the impedance spectra was observed at voltages
higher than 2.7 V. In Fig. 5d, the cyclic voltammetry taken from
this device revealed that an electrochemical peak at 3.1 V is
observed when the bias is increased that can be ascribed to a
partial extraction of Li* from LVO.?*® Above 3.3 V, the remain-
ing amount of mobile Li" inside LVO should be diffusing
through the CEI and the LiPON layer, and a current density
spike in the mA cm™? range is noted. The shape and magni-
tude of this peak is representative of lithium plating® at the
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LiPON/Cu interface (EMI), so there should be a convolution of
two different reactions happening at the same time: Li" diffus-
ing out of LVO and Li" reduction at the EMI. When the applied
bias becomes smaller, Li oxidation from EMI and subsequent
Li" diffusion towards the LVO side is observed in the cyclic
voltammogram.

While it could be challenging to decouple these two different
mechanisms (lithium oxidation/reduction at EMI and Li" diffu-
sion inside the device), this is now possible using our diag-
nostics approach. An evaluation of the changes to the electric
circuit parameters from the impedance analysis showed, for
example, that 6;;vo and oeyvo vary according to the applied
bias in the device. In Fig. 5e, o0jrvo ranges from 1-3 X
107° S em™! from 0-3 V. In contrast, the conductivity during
the last portion of the sweep is ~10> times greater. A similar
behavior was also observed in electrochemically lithiated V,05
thin films by Shibuya et al.,** in which the V,05 conductivity
substantially decreased below 3.0 V vs. Li/Li" due to a possible
irreversible change in its crystal structure.

A kinetically stable interphase should have a good ionic
conductivity while being a good electronic insulator to limit
further interfacial side reactions.® In particular, if the impe-
dance is constant and the SCL has a similar thickness at
different states-of-charge, then the interphase can be inferred
as stable. From the data in Fig. 6a and b, it is evident that the
CEI is mostly stable from 0-3 V, despite some fluctuations of its
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Fig. 6 Evolution of (a) cathode—electrolyte interphase (CEI) resistance; (b) space-charge layer (SCL) formed at the CEl; (c) SCL at electrolyte—metal
interface (EMI); (d) SCL at the cathode—metal interface (CMI) of the LIPON-LVO diagnostic test device.
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resistance. The SCL is significantly wider than the EMI mea-
sured in the LiPON-only device, ranging from 80-160 nm and
calculated using eqn (3). It may be caused by a Li* gradient at
the interphase, in which the LiPON-side of LVO has a high
concentration of Li*, and heightened by the ready transfer of Li"
between LiPON and LVO, in contrast to the ion-blocking
EMIs.*!

At higher voltage biases, up to 3.6 V, it seems that the CEI
resistance is affected by the charge polarization and the SCL at
the CEI drops to small values. This could possibly be explained
by the small concentration of Li" in this region, since the
majority of mobile Li" have diffused towards the EMI at 3.6 V.
The average conductivity of the CEI between 0 and 3.6 V can be
estimated assuming that its length is equivalent to the SCL (see
eqn (S12) on ESIt). In this case, the average ocg; is (0.8 & 0.2) X
107% S em ™!, which is lower than the ionic conductivity of LVO
and LiPON. Hence, charge transfer of Li" in this multiscale
process (LVO « CEI < LiPON) can be negatively affected by
the sluggish motion of Li" at the CEI.

The hypothesis of Li oxidation/reduction at the EMI at
higher biases is supported by the evolution of the SCL at the
EMI seen in Fig. 6¢c. As the applied voltage was increased, the
width of the SCL of LiPON-Cu interface decreased to a sub-nm
range, according to calculations based on eqn (3). Above 2 V, it
was already very small, which most likely indicates a beginning
of LiPON decomposition into Li;PO4 and Li;N.'" Above 3.2 V,
lithium reduction occurred. When the applied bias was
reversed, Li oxidation reaction takes place at the LiPON/Cu
interface and the initial SCL was slowly restored.

Another interesting, and yet infrequently reported interface
that was decoupled using this diagnostics approach was the
LVO-Al interface (CMI). While increasing the voltage bias, its
SCL was mostly stable (20-40 nm wide calculated using eqn (3),
also see Fig. 6d), until the last fraction of mobile Li" from LVO
were transferred to CEI and LiPON, which then decreased the
width of the SCL to only a few nanometers. When the applied
bias was reversed, the SCL slowly increased, and below 1.2 V it
was even wider than the initial state (about 3-4 times wider),
possibly due to the smaller electronic conductivity of LVO
shown in Fig. 5f.

Si-LiPON interphase diagnostic test device. Upon contact
of unlithiated a-Si and LiPON, the silicon-LiPON interface
(AEI) appears to be passive.’ An electric circuit based on the
LiPON-LVO diagnostic device was built (see Fig. 7), in which
the addition of circuit parameters to represent the AEI
impedance had negligible values, hence they were not contri-
buting to the fitting of the data. Therefore, to avoid over-para-
metrization®! we did not include circuit elements to denote that
specific interface.

In addition, two resistors were included to represent the
electronic flow inside the silicon layer and the eventual ionic
flow under equilibrium if there was a spontaneous diffusion
of Li" from the LiPON layer. In the as-deposited state, the
electronic resistance was estimated at 1.4 Q cm?, which agrees
with the value found on the Si-only diagnostic device, while the
ionic resistance was ~140 kQ em?, confirming that the AEI
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Fig. 7 Impedance spectrum of Si—-LiPON diagnostic device (green curve)

and the electric circuit model that was built for data analysis. Values of the
electric circuit parameters in green were extracted from the Si-only test
device, and the blue ones were taken from the LiPON-only test device.
The impedance data of LiIPON-only device is shown in blue for
comparison.

prevented Li* from flowing from the LiPON layer during
deposition. It is important to note that the deposition sequence
is reversed from that of the LiPON/LVO device in that the Si is
deposited beneath the LiPON.

The fitting of the electric circuit model to the data from
the Si-LiPON device revealed interesting information from the
interfaces. The contact between a-Si and copper (anode-metal
interface - AMI) created a SCL with an estimated width of
(8 £ 1) nm. On the other side of this device, the EMI (in this
case, LiPON-Al interface) SCL width was calculated to be
(30 £ 2) nm. The data for the LiPON-LVO test device (Fig. 6c)
showed that the LiPON-Cu interface was 5 nm-thick, at most.
The combination of these results from different auxiliary
devices can help us conclude that a thicker SCL exists when
LiPON is in contact with Al rather than Cu, and that the average
of these two EMI SCLs is 17.5 nm, which is in good agreement
with the values in Fig. 3d when studying the interfaces inside
the AI/LiPON/Cu diagnostic device.

Describing the EIS of the thin-film SSB full cell

Having previously analyzed the EIS of each diagnostic test
device, we can now apply those fitted circuit parameters to an
equivalent circuit for the full cell thin film SSB. The circuit,
therefore, includes bulk and interfacial parameters, and the
knowledge of how the properties evolve under different applied
biases. For each parameter added to the circuit in Fig. 8a, the
initial values used were extracted from the electric circuits of
the diagnostic test devices. This ensures that the impedance
analysis is robust, because it considers the different physical
properties and chemical reactions happening at the bulk and
at different interfaces, at the same time, that are now fully
distinguished.

Fig. 8b shows that the impedance profile of the SSB is a
convolution of the impedances of isolated battery components

This journal is © The Royal Society of Chemistry 2025
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(a) Description of the proposed electric circuit model for interpretation of the thin-film SSB impedance analysis; (b) impedance spectra of every

auxiliary device at OCV, including the impedance profile of the SSB stack as-deposited; impedance of the SSB after several galvanostatic charge/
discharge cycles at 8C recorded at different biases during (c) charge; and (d) discharge half cycles. A discrepancy in the impedance curves at 3.6 V when
applying the bias in reverse directions possibly occurred due to relaxation between the charge and discharge measurements.

and interfaces, and lacks any discrete features that would allow
a decomposition of the spectrum without the systematic
approach we have taken. The impedance data in black corre-
sponds to the total impedance of the thin-film SSB after
fabrication, at OCV. The Si-LiPON interface (AEI) in that
specific EIS curve (as-deposited cell) was not modeled in the
electric circuit to avoid over-parameterization, like it was
observed on the Si-LiPON device (see Fig. 7). The negligible
impedance at the AEI at OCV suggests that little or no reactivity
exists between LiPON and a-Si before any electrochemical
cycling, which is a characteristic of a passive interface. The
LiPON-LVO interface (CEI) of the SSB at OCV had a fitted
resistance of 14 Q em?, which is comparable to what was found
at the LiPON-LVO diagnostic test device (see Fig. 6a), and the
ionic resistance of a-Si was within the same order of magnitude
(117 kQ ecm?®) calculated for the Si-LiPON diagnostic device.
Overall, it appears that the subsequent deposition of the anode
layers did not alter the LIiPON-LVO structure beneath from the
state found earlier.

After galvanostatically cycling the battery 545 times at
faster rates (8C, which corresponded to a current density of
50 pA cm™?) for the purpose of studying kinetic effects, we
analyzed the evolution of the internal impedances as a function
of the applied bias. Overall, the total impedance of the SSB

This journal is © The Royal Society of Chemistry 2025

before cycling (Fig. 8b, black curve) looks different than any of
the impedances after 550 cycles taken at different applied
biases (Fig. 8c). While the as-deposited device exhibits a single
semi-circle with a low frequency tail, after cycling we find a split
into two semicircles at high frequency and a lower angle tail.
Furthermore, the impedance data at different biases (Fig. 8c
and d) shows that the device properties are not perfectly
reversible during each half cycle, and in fact, the two 0 V
spectra have different low frequency tails. It is possible that
there is a kinetic factor that delays some restoration of the
impedance, or this irreversibility in the EIS is indicative of
continuing side reactions somewhere in the device.

Cathode interfaces after cycling. The many different inter-
faces (and interphases) inside the thin-film SSB showed elec-
trochemical instabilities under different applied biases. The
LVO-Al interface (CMI) in Fig. 9a had a SCL width estimated up
to 170 nm at low cell voltages (Li" insertion in LVO), while that
width decreased at higher voltages to values close to 5 nm
(Li* extracted from LVO). The general trend in SCL is in
accordance with the same interface in the LiPON-LVO diag-
nostic device (see Fig. 6d). However, the CMI is around two
times wider at low cell voltages in the case of the SSB.

Interestingly, the width of the LiPON-LVO interphase (CEI)
from the full cell (Fig. 9¢) agrees with the Li" gradient observed
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Interfacial properties of the thin-film SSB computed from the circuit parameters as a function of applied cell voltage. (a) Space-charge layer (SCL)

at the LVO-Al interface; (b) resistance of LVO—-LiPON interphase; (c) SCL at the LVO-LiPON interphase.

from an XPS depth profiling data of electrochemically lithiated
V,05-LiPON interface,®* which then validates the deconvolu-
tion of impedance profiles performed in this report. A remark-
able increase in the CEI resistance with comparison to the
uncycled SSB (14 Q cm?) is shown in Fig. 9b, and a hysteresis in
the charge transfer is noted. In particular, when the applied
voltage was being increased, this interphase had a resistance
that reached 400 Q cm” at 1.6 V and the resistance decreased
down to 30 Q cm® at 3.6 V. When the applied voltage
was decreased, the resistance was increased back to around
100 Q cm? with a large hysteresis, which was not previously
observed for the LiPON-LVO diagnostic device. As we will see
next, there is also substantial hysteresis observed for the AEI,
and for both cases we can attribute this to a kinetic instability
in the full cell which may be connected to the coulombic
efficiency of the device.

The ionic conductivity of the CEI in the SSB was estimated
to be on the order of 107° S cm ™!, which is one order of
magnitude higher than the value calculated for the LIPON-LVO
diagnostic device. Therefore, the difference in the CEI conduc-
tivity values predicts a drop in performance after the device
begins cycling.

Anode interfaces after cycling. The anode side of the thin-
film SSB also contributed to a decrease in energy during the
device operation. The SCL at the Si-Cu interface (AMI) was
estimated to be 8 nm in the Si-LiPON diagnostic device, while
the same interface was below 5 nm during cycling (Fig. 10a).
The increase in SCL width is attributable to an increase in

charge accumulation as long as the relative permittivity is held
constant (see eqn (3)). It is expected that &g; should increase as a
function of lithiation, but no such information could be
extracted from this set of diagnostic devices and no references
in literature were found to describe ¢&;;.si. Therefore, no con-
clusions can be made about the AMI as a function of state-of-
charge with this lack of information on silicon properties.
Indeed, this illustrates how it is important to propose new
experiments for evaluation of properties of battery materials
as a function of lithium insertion for modeling purposes and
better data interpretation.

Lastly, the Si-LiPON interphase (AEI) that was previously
found to be passive before cycling has become kinetically
unstable during charge/discharge cycles. Fig. 10b shows that
its resistance reached 4 kQ cm? after fully discharging the
battery, i.e., when a-Si was delithiated. During the beginning
of a charge process, the same interface had a resistance 4 times
smaller than the discharge cycle. Hence, the resistance to
transfer Li" across the AEI slowly decreases as the silicon gets
more lithiated, and Li* transfer from Si to LiPON appears to be
more favorable at cell voltages above 1.4 V.

The large impedance in the order of kQ cm? of the Si-LiPON
interphase has also been previously inferred by KPFM analysis
coupled with EIS.™ In a similar thin-film SSB stack where LCO
was the chosen cathode material, the Si-LiPON interphase
impedance was more sensitive to different applied biases
than the LCO-LiPON interphase. These results are in agree-
ment with the constant SCL thickness found in our report for

8 6
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Fig. 10 SSB anode interfaces after cycling. (a) SCL at the Si—Cu interface; (b) resistance of Si—LiPON interphase; (c) SCL of Si—LiPON interphase.
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LVO-LiPON interphase (Fig. 9¢) and the variable SCL width for
the AEI (Fig. 10c). Fuller et al. addressed the high impedance at
Si-LiPON interphase to a low Li" diffusivity in amorphous Si,
which had caused a Li* accumulation at this heterojunction.
The calculated conductivity of the AEI in our work based on the
width of SCL and its local impedance (10~'° S em™") is 10 times
smaller than the calculated value for the CEI, which corroborates
the explanation that Li* diffusivity is very low at this interphase.

While Fuller et al.™ have estimated the SCL thickness at the
AEI to be close to 100 nm, our results showed a much narrower
region of less than 10 nm (see Fig. 10c). It is important to
emphasize that our impedance measurements were taken after
545 cycles, whereas their measurements are showing initial
kinetic behavior of their thin-film SSB for the first 20 cycles. In
the following section, we will show that a capacity fading is
observed over the charge/discharge cycles, which could be
ascribed by the kinetically unstable behavior of the AEI, so
variable Si-LiPON SCL thickness as a function of cycle number
were somewhat expected.

Performance of the full SSB. Fig. 11a shows cyclic voltam-
metry of the thin-film SSB right after fabrication, in which
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broad peaks are observed between 3-3.6 V during charge, and
at 2.9 V and 1.8 V during the discharge. Those peaks can be
correlated to the insertion/extraction of Li* from the LVO,
which were also seen on Fig. 5d in the LVO-LiPON test device.
In the thin-film SSB, the peaks are broader and shifted about
0.4 V with respect to the LiPON-LVO diagnostic device, likely
because of the silicon-Li alloying/dealloying reactions happen-
ing at the same time. A first sign of degradation of the SSB was
observed in the cyclic voltammogram by the continuous
decrease in the current density over subsequent cycles, which
was further investigated in a fresh device.

On another thin-film SSB that was not yet electrochemically
tested from the 4 x 4 array of fabricated devices, a series of
545 galvanostatic charge/discharge cycles was performed under
variable C-rates, as shown in Fig. 11b. A larger capacity loss was
observed at the initial cycling of the SSB, regardless of the value
of the applied currents (e.g. 10 pA cm ™2 = 1.7C). From cycle 1 to
45 under variable C-rates, there was a loss of discharge capacity
of approximately 15%. Interestingly, the first 45 cycles from the
follow-up 500-series at a high C-rate of 8.5C (50 pA cm ?)
resulted in a discharge capacity loss of 8%. This evidence

c)

d)

(a) Cyclic voltammogram of a thin-film SSB of the 4 x 4 array, right after deposition. Under the 2-electrode configuration, the copper contact

was used both as reference and as a counter electrode. Increasing the total cell voltage refers to charging; (b) discharge capacity under different applied
current densities (so different C-rates) for 45 cycles under variable current densities in a fresh, yet uncycled SSB. Inset: Capacity fading at fast charging/
discharging for 500 cycles at 8.5C (50 pA cm™~2) after cycling 45 times; cross-sectional SEM image of the thin-film SSB atop the SiO, substrate (c) before
any electrochemical cycling; and (d) after 545 total cycles left at a charging state.

This journal is © The Royal Society of Chemistry 2025
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shows that fast charging was not the only factor contributing to
the device performance below the expected. Apparently, pro-
blems occurring at the beginning of the battery lifetime have
caused irreversible changes on the device.

SEM analysis of the fractured cross section of an uncycled,
as-deposited thin-film SSB (Fig. 11c) revealed that most of the
interfaces were smooth after completion of the fabrication
process, besides some irregular patterns that were noted at
the LVO-LiPON interface possibly due to the fracture, or
because of an interphase that formed during the deposition
of the LVO onto the LiPON. The interfaces of the full stack
looked completely different after 545 cycles, here shown in a
charged state (Fig. 11d). There is an evident volume expansion
of silicon (about 4.33 times) when it gets lithiated that is in
accordance with the literature®® which had possibly caused a
contact loss between Si and Cu, and a LiPON decomposition at
AEI®® could have caused shrinking of 9% of the total LiPON
layer. LVO had an 18% thickness reduction, but this could be
due to Li" extraction from its structure.

Overall, electrochemical measurements and SEM images are
in accordance with the results observed from the impedance
analysis. The Si-LiPON interphase was not included in the
electric circuit models of the Si-LiPON diagnostic device, nor
in the full SSB before cycling, because of its negligible impe-
dance. Our hypothesis for this case was that the Si-LiPON
interphase was passive during/after fabrication, and the SEM
images shown in Fig. 11c showed a smooth contact between Si
and LiPON that agrees with our premise.

After cycling, the SEM in Fig. 11d revealed a volume expan-
sion of Li,Si at a charged state that drastically affected the
stability of the Si-LiPON interphase, which was confirmed by
the capacity fading observed on electrochemical measurements
in Fig. 11a and b. The calculation of the AEI conductivity from
the impedance analysis reinforces the argument that this inter-
face was a major source of battery degradation. The direct
relationship between cell performance and interface kinetics
in this report was only possible due to our diagnostics protocol
for systematic decoupling of internal impedances in a SSB.

Prognosis

It is perhaps well known that a battery is more than the sum of
its parts. The properties of interfaces/interphases are important
parameters for device performance, and the fact that many
properties vary with ion concentration further complicates the
analysis. By using thin film deposition to break up the battery
into component parts, and analyzing each in turn, we find that
changes in material properties and interphases can be fully
accounted for. Furthermore, these fitted parameters do not
become wild or highly correlated when examining the full cell,
implying that the model is not overfitting the data, and verifies
the hypothesis that the thin film full cell can be described by its
component parts, once they are all accounted for.

The use of diagnostic devices to deconvolute impedances in
a SSB also proposes that in situ experiments can be done using
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this technique. For example, internal impedances can be
spatially resolved by performing a 2D-mapping of a SSB using
KPFM analysis, to probe the behavior of charge transfer at
interfaces in different locations. For the case of crystalline
materials and/or interfaces, coupling XRD measurements with
impedance analysis over different states-of-charge can evaluate
the mobility of majority charge carriers at grain boundaries
versus in bulk. And, in general, this protocol using individual
and isolated test devices can provide comparisons of battery
health while simultaneously performing morphological, struc-
tural, mechanical, and electrochemical characterization tech-
niques on sibling devices.

While a complete study of interface kinetics in a SSB still
requires in situ experimental techniques such as SEM (scanning
electron microscopy), XPS, ToF-SIMS (time-of-flight secondary
ion mass spectroscopy), KPFM, AES (Auger electron spectro-
scopy), RBS (Rutherford backscattering spectroscopy), and/or
TEM,%*7%47%% an electrochemical impedance analysis coupled
with an appropriate system of devices can reveal features of the
interfaces during cycling, as well as indicate possible issues
occurring during processing that were yet unreported. Hence, a
direct, non-destructive measurement of the physical properties
of interfaces is now feasible for a wider range of thin-film
devices, which can substantially improve the design of next-
generation ionic devices.*>*’

For the first time, the kinetics of interfaces in a SSB was
monitored and reported from impedance analysis to diagnose
full cell performance and degradation during fast cycling. The
simple premise of decoupling bulk and interfacial internal
impedances by building single and bilayer devices, deriving
physics-based electric circuit models for every layer (and inter-
face) individually, and combining their circuit parameters
into a robust and complete electric circuit for the full battery,
has proven to work successfully. Circuit parameters from
the diagnostic test devices fully explain the behavior of the full
cell, with minimal drift in the fitted values from test device to
full cell.

In the previous sections, we have shown that equivalent
circuit analysis can provide models and parameters that are
transferable from simple systems to complex ones. For instance,
important material properties were calculated under different
applied biases, such as the relative permittivity of the active
materials, conductivities of bulk layers and across at interphases,
and the width of space-charge regions at heterojunctions.
Variations in these material properties can be explained by
well-known dynamics in solid-state batteries, and provide
quantitative measurements of parameters necessary for advanced
modeling of electrochemical systems.

There are several beneficial impacts to the field of electro-
chemical devices coming from these calculated properties.
Conductivity measurements at interfaces can determine
whether protective layers must be incorporated to adjust
the electrical properties of interfaces closer to ideal values.
Also, different combinations of promising materials can now
be tested using this diagnostic protocol to investigate compat-
ibility. And, more broadly, the calculated values of materials

This journal is © The Royal Society of Chemistry 2025
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properties can now be included in computational simulations
for a better prediction of device performance.

As it was mentioned during this report, simple materials
with simple interfaces were studied as a proof-of-concept.
Adding materials with more complex structures like grain
boundaries, or intrinsic tortuosity, porosity, and voids that
exist in particulate SSBs will require extra assumptions to be
made when building the electric circuit models. The inclusion
of inactive materials such as carbon black will also add more
challenges to fully deconvolute the internal impedances, so
additional diagnostic test devices may be required to be fabri-
cated and studied. Lastly, thin-film batteries with unique
architectures like AAO-nanopore arrays for fabrication of 3D
thin-film SSBs’® will have to be carefully studied because the
electric field lines are not as uniform as they are in planar
batteries, so the calculations of space-charge layers have to be
derived considering the nature of their architectures.

Since we were evaluating the effect of interfaces in thin-film
batteries, we suggested a fabrication approach using shadow
masks that would create the individual devices and the full cell
all together. But this methodology can be transferred to con-
ventional solid-state batteries. For instance, a cathode side of a
particulate-based solid-state battery has more intrinsic inter-
faces than a thin-film one. Using our new methodology, one
could fabricate the following devices as pellets that would
represent each cathode component:

- Current collector (CC)/active material (cathode)/CC

- CC/solid electrolyte/CC

- CC/conductive additive (such as carbon)/CC

This approach would enable, for example, the extraction of
electronic and ionic properties of individual cathode compo-
nents and the evaluation of their stability with current collec-
tors separately, and then further analysis would go towards the
fabrication of new pellets that correspond to permutations of
these components to analyze individual interfaces:

- CC/cathode/solid electrolyte/CC

- CC/cathode/conductive additive/CC

- CC/solid electrolyte/conductive additive/CC

- CC/cathode/solid electrolyte/conductive additive/CC

Using these test devices, the electrical response of internal
components in a cathode composite could be individually
studied. However, that there are considerations to take into
account when moving from monolithic films to these particulate-
based systems for the design of electric circuit models to represent
them with fidelity. For instance, our hypothesis is that there might
be necessary to fabricate different test devices under a range of
applied pressure, so that a direct relationship between changes in
the electrical properties of internal cathode interfaces and applied
pressure can be made. Grain boundaries were not present in our
system, but we are aware that conduction of charges at those
boundaries might be preferrable in many materials, which would
create another possible path for both ions and electrons to flow
during operation of the battery. More so, there might be accumu-
lation of charges at the grain boundaries, which could affect the
overall performance of the cells. Hence, the inclusion of grain
boundaries in the electric circuit model would have to incorporate

This journal is © The Royal Society of Chemistry 2025
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the electrical resistance of them and also any possible charge
accumulation that might exist, which can be properly modeled
using a resistor in parallel to a CPE, in series with the ionic
resistance of the material. Combining such impedance measure-
ments with other characterization techniques, such as TEM and
XRD, could reveal the grain sizes and the reactivity of their
boundaries, which could help on the interpretation of the elec-
trical analysis and further improve the electric circuit model.

Although this report only performs diagnostics of simple
thin-film SSBs, the challenges previously described for more
complex systems only require some understanding of the
structure of the system to include important chemical and
physical properties into the electric circuit modeling. Hence,
the benefits of using this diagnostics protocol for other battery
systems can potentially increase the understanding of the battery
community in local interfaces and impedances and their conse-
quences for capacity retention, cell degradation and compatibility
of promising materials.

Conclusions

The possibility of designing novel SSB architectures for an
improvement of the energy and power densities strictly
depends on maximizing charge transfer across the different
interfaces existing in this unique and complex system. Interface
(and interphase) kinetics were proven to affect the overall
performance of thin-film SSBs using the new diagnostics pro-
tocol presented in this work. The additional information
obtained by careful experimental design leads to conclusive
decisions about which interfaces to focus on and provides
baseline information to control against when designing novel
interphase control techniques. By combination of impedance
spectroscopy analysis, conventional electrochemical measure-
ments, and a singular device fabrication methodology, we
provided a systematic deconvolution of charge dynamics in
the bulk and at interfaces of a thin-film SSB.

Patterned auxiliary devices that represented isolated battery
components were used to build electric circuit models that
enabled a realistic interpretation of the electrochemical reac-
tions and properties of materials in these devices. Accumula-
tion of charges at interfaces and conductivities of Li* and
electrons across different layers were monitored at different
states-of-charge, and, for instance, a space-charge layer in the
range of 100 nm was observed at the cathode-metal interface
and the cathode-electrolyte interphase after completion of the
fabrication process. The anode-electrolyte interface was found
to be stable only before cycling using both impedance analysis
and cross-sectional SEM imaging.

The determination of how the interfaces changed with
different applied voltages was only possible by the implementa-
tion of the auxiliary device diagnostics approach. For instance,
the LVO-LiPON interphase was found to be resistive to Li"
transfer, especially during charging, but the LiPON-Si inter-
phase was 10 times more resistive. Also, an increase in the
space-charge region width specifically at the Si-Cu interface
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indicated a possible contact loss caused by the anode volume
expansion.

The information extracted from the auxiliary devices served
as initial input for the electric circuit model of the full cell thin-
film SSB. A 15% decrease in capacity was observed as a function
of charge/discharge cycles during the first 45 cycles, which was
correlated to an effect of the kinetically unstable Si-LiPON
interphase. The capacity fading observed as a function of
number of cycles is a direct evidence of side reactions. The
impedance analysis of the Al-LVO-LiPON-Cu diagnostic device
showed that the as-deposited CEI conductivity was, in average,
8 x 1077 S cm . In addition, the as-deposited AEI was
thermodynamically stable. On the other hand, our calculated
values of electrical conductivity at the CEI and AEI after cycling
(107 and 10" S cm ™, respectively, in average) were orders of
magnitude smaller than their pristine states, confirming that a
slow charge transfer reaction is expected in these interphases
during operation.

The identification of the AEI as the main performance
limiting factor using our novel methodology for fabrication of
diagnostic devices combined with EIS measurements has also
been previously confirmed by reported KPFM measurements
from the literature. Therefore, it is now possible to use a non-
destructive technique, such as impedance analysis, to extract
important information about fundamental science of thin-film
batteries and evaluate performance diagnostics of electroche-
mical devices.

Hence, this work demonstrated how important it is to
incorporate diagnostics of batteries to understand possible
fabrication inconsistencies and kinetic behavior during their
operation. For the particular choice of materials studied
in this prototype, volume expansion of silicon upon lithia-
tion caused contact loss with the current collector and a
kinetically unstable Si-LiPON interphase was present during
cycling of the battery. In the future, different artificial inter-
faces could be deposited using the methodology described
here between silicon and LiPON to provide mechanical
strength while maintaining a reasonable low ionic resistivity
for further battery operation without loss of capacity. Inter-
facial stabilization of the cathode-electrolyte interphase
has also proven to be necessary to improve charge transfer.
We believe, therefore, that the combination of our robust
diagnostics protocol and interfacial engineering will enable
the implementation of more complex architectures for the
next generation of SSBs.
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