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ABSTRACT

We show that the deposition of the solid-state electrolyte LIiPON onto films of V,0s leads their
uniform lithiation of up to 2.2 Li per V,0s, and without affecting the Li concentration in the LiPON and its
ionic conductivity. Our results indicate that Li incorporation occurs during LiPON deposition. in contrast
to earlier mechanisms proposed to explain post-deposition Li transfer between LiPON and LiCoO,. We use
our discovery to demonstrate symmetric thin film batteries with a capacity of >270 mAh/g, a rate of 20C,
and 1600 cycles with only 8.4% loss in capacity. We also show how autolithiation can simplify fabrication
of Li iontronic transistors attractive for emerging neuromorphic computing applications. Our discovery
that LiPON deposition results in autolithiation of the underlying insertion oxide has the potential to
substantially simplify and enhance the fabrication process for thin film solid state Li ion batteries and
emerging lithium iontronic neuromorphic computing devices.
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Interest in thin film solid-state lithium ion batteries (TFSSLIBs) continues to grow because of their
potential use in a variety of applications such as smart cards, RFID tags, and integration with low power
circuits and energy scavenging technologies for autonomous microsystems.! TFSSLIBs are also attractive
for addressing fundamental questions because they generally comprise fewer components (no binders or
conductive additives), are fabricated using thin film fabrication methods that afford greater control over
structure and composition, and are compatible with well-established surface and bulk characterization
techniques. In particular, TFSSLIBs have been extensively used to investigate the formation and evolution
of solid electrode/electrolyte interfaces, which remain one of the most challenging topics for solid state
energy storage.? Unlike in semiconductor heterointerfaces where only electronic charge redistributes
upon interface formation, in solid state electrochemical interface both mobile electronic and ionic species
(e.g., Li*, HY, V(2,+) redistribute across the electrode/electrolyte interface, impacting the local potential as
well as the, chemical, electrochemical, and mechanical stability of the device.?

Investigation of TFSSLIBs based on V,0s were first reported by Bates et al. in 1993.% V,0s is an
attractive cathode material because it is non-toxic, less expensive compared to Co or Ni containing
cathode materials, and has a higher theoretical capacity due to its ability to intercalate up to 3 Li ions per
V,0s. Specifically, LixV,0s has a gravimetric capacity of 147 mAh/g for insertion of 1 Li (2.6 to 4.0 V vs
Li/Li*), 294 mAh/g for insertion of 2 Li (2.1 V vs Li/Li*), and 441 mAh/g for insertion of 3 Li (1.6 V vs Li/Li*).
Unfortunately, numerous studies have shown that further lithiation leading to formation of the y phase
(>1 Li per formula unit) and the ® phase (>2 Li per unit formula unit) degrades reversibility due to
structural changes.® In particular, formation of the ® phase has been associated with fracture,
pulverization, amorphization, and loss of electrical contact which lead to rapid capacity fade in
conventional (e.g., slurry based, liquid electrolyte) batteries.” Some success in relieving the stress and
improving cyclability has been reported for V,0s nanostructures.® However, this approach can exacerbate
electronic contact loss and increase the impact of parasitic reactions with liquid electrolytes due the
increased surface to volume ratio, leading to rapid capacity loss.® These issues could be overcome in
TFSSLIBs by limiting the cathode thickness and choosing a solid electrolyte with a wide electrochemical
stability window. Furthermore, by eliminating the degradation processes associated with Li anodes, a
model system with thin film insertion electrodes and a solid electrolyte that forms a stable
electrode/electrolyte interface could be used to determine the inherent robustness of V,0s over its entire
lithiation capacity. This motivates the present study on LixV,0s TFSSLIBs with a symmetric battery
structure, e.g., cathode/SSE/cathode, designed to reveal the inherent capacity retention and rate
performance of LixV>0s thin film cathodes, without the additional deleterious effects related to anode
performance.

To fabricate TFSSLIB model structures, we use the solid electrolyte lithium phosphorous oxynitride
(LiPON). LiPON has an ionic conductivity of range ~107 — 10®° S/cm, a wide electrochemical stability
window and has been widely used in the study of thin film solid state batteries.’®12 LiPON is also often
used as a protection layer on many different electrodes, including V,0s.1>*> Although LiPON is generally
considered stable with respect to most insertion cathodes, earlier studies have reported transfer of Liions
between LiPON and Li,CoO,, with the direction of transfer depending on x, the cathode state of charge.®’
However, the amount of Li transferred in these cases was small, 6~0.1 per LixsCo0,, and could be
attributed to equilibration of the Li chemical potential as the SSE/electrode interface is formed.®

Herein, we first investigate the deposition of LIPON onto thin films of V,0s and the ensuing interface
reactions, including the transfer of Li. We then examine symmetrical TFSSLIBs consisting of two LixV20s
electrodes separated by LiPON SSE. We show that due to autolithiation, these symmetrical cells display
capacities exceeding 294 mAh/g, or >2 Li per V,0s unit formula, without any additional lithiation step, and
that this capacity is highly reversible. We confirm the autolithiation mechanism of V,0s using a
combination of methods, including galvanostatic cycling, cycling voltammetry, time of flight secondary



mass spectroscopy, analytical transmission electron microscopy, and Raman spectroscopy. Surprisingly,
and despite observation of high reversible capacity, compositional and electrochemical measurements
indicate no significant loss in Li concentration in the LiPON films with thickness up to ~1 um, and no
decrease in its ionic conductivity. These observations suggest that Li incorporation into the V,0s layer
occurs during the sputter deposition of the LiPON SSE. Beyond the fundamental questions that our results
raise regarding the mechanism of LiPON growth and SSE/electrode interface formation, the simultaneous
Li incorporation into the V,0s electrode, or autolithiation, has potentially beneficial practical implications
for the fabrication of TFSSLIBs. For example, thin film Si remains an attractive alternative to metallic Li due
to its very high capacity, relative ease of deposition, and compatibility with semiconductor processing.
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Figure 1. Sputter deposition sequence and autolithiation of V,0s. (a) Schematic for LiPON sputter
deposition process with Li incorporation into the V,0s. (b) Cumulative amount of Li in the V,0s
(proportional to the rate of autolithiation) versus the amount of Li originating from the sputter target
(see Discussion for details). Red dots indicated measured Li concentrations at two distinct deposition
times; the solid curve represents the accumulation if only 0.86% of the flux from the target reacts into
the sample; the dashed curve represents the accumulation of Li in both the V,0s and the LiPON film;
the horizontal dashed lines are guides to different levels of lithiation. (c) End of the LiPON deposition,
autolithiating up to Li;V,0s. (d) A pseudo symmetric cell is completed by depositing V,0s and Au
currently collector on top of LiPON.

However, combining thin film Si anodes with V,0s anode would require a separate lithiation step prior to
deposition. Autolithiation also simplifies the fabrication of symmetrical batteries and ones where the top
electrode is partially lithiated (i.e. V,0s or LiV,0s top electrodes). Symmetrical cathode/SE/cathode
batteries are useful for advancing fundamental understanding by removing the effects of the anode on
the rate limiting and degradation mechanisms. Remarkably, we observe that the latter cells can be cycled
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at rates of up to 20 C while retaining a capacity of ~270 mAh/g for up to 1600 cycles and only 8.4% loss in
capacity.

In a previous study, Leung et al. reported that Li concentration in LixCoO, where x ~0.83 for as
deposited films, increased to x~1 following LiPON deposition. Since as-deposited V,0s is completely Li
free, there is a very strong thermodynamic force, corresponding to an open circuit voltage (OCV) of ~4V
vs Li, for Li insertion. Therefore, we surmised that there could be significant transfer of Li from LiPON to
V,0s following deposition of LIPON. To determine the amount of Li transferred, we analyzed thin films of
V205 coated with LiPON in a liquid cell filled with LiClO, electrolyte and a Li metal counter/reference
electrode (CE/RE). By comparing uncoated V,0s films to those coated with LiPON, we determined the
amount of Li inserted into the V,0s films. V,0s was deposited via sputtering onto Si substrates with 100
nm of thermal oxide and a Ti/Au current collector layer (see Methods). The first galvanostatic charge
curves for V,0s films with and without a LiPON coating is shown in Figure 2(a). During charge, Li is
transferred from the V,0s working electrode (WE) to the Li metal CE/RE. As expected, the uncoated V,0s
electrodes shows very low initial capacity, that can be accounted for by a thin double layer of charge
accumulated at the electrode/electrolyte interface.’ In contrast, the initial charge of the LiPON-coated
V,0s shows a capacity of 166 = 16 mAh/g, which corresponds to a composition of ~Li;1V>0s. In other
similar experiments, we observed a capacity as high as 299 + 33 mA/g, corresponding to ~Li,V,0s (see
Figure S1). The exact reasons for the variability in the Li content following LiPON deposition is presently
unknown and indicates that additional investigation is needed to better understand and control the
process. However, in all cases, the amount of Li inserted into the V,0s far exceeds what we expected
based solely on thermodynamic considerations of chemical potential equilibration for mobile ions
following interface formation!”8, suggesting a different mechanism.

To test the cyclability of the LiPON-coated V,0s, two V,0s thin film electrodes coated with 750 nm
of LiPON were cycled in a three-electrode beaker cell with Li foil as the RE (see Figure S2). The starting



OCV for the WE and CE were 2.3 and 2.97 V, respectively, which corresponds to an approximate
composition of Li; 4V20s and Li;V,0s.
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Figure 2. Electrochemical, Raman, and ToF-SIMS characterization. (a) First galvanostatic charge data for V.0s
(red) and LiPON-coated V20s (blue); the initial OCV vs. Li for these samples was 3.46 V and 2.47 V, respectively.
(b) Raman spectra for LixV20s with x~0, 1, and 2 (Li inserted electrochemically) compared to LiPON/V20s (see
additional spectra in Figure S5). (c) ToF-SIMS data for LiPON only and (d) LiPON-coated V.0s. The Li content in
the LiPON (visa vi the SLi* signal) follows its density (visa vi the PO signal), regardless of whether it’s deposited
onto Au or V20s.

To further characterize the sputter-induced autolithiation process we performed Raman
spectroscopy immediately following LiPON deposition on the same samples (Figure 2b).2° Our results are
consistent with previous Raman spectroscopic studies of LixV,0s as a function of composition.?* 22 3 For
comparison, separate uncoated V,0s films were cycled in beaker cells, rinsed, dried, and characterized
with Raman (shown in black). These samples were discharged to 2.6 and 2.0 V vs Li/Li*, corresponding to
Li;V.0s and Li;V,0s, respectively. For x=1, the intensity for peaks below =400 cm™ is substantially
attenuated, and there is a blue shift of the 407 cm™ band and a redshift of 530 cm™ consistent with the
transformation of a-V,0s into 5-V,0s.2! We also see a red shift of the 997 cm™ band and appearance of a
shoulder, indicating V-O; bond elongation.?® For x=~2, there is further broadening and attenuation,
previously attributed to structural disorder and a weakening of the V-0, bond.?* In comparison, the LIiPON-
coated sample has a Raman spectrum similar to that measured for x~1, is consistent with its initial OCV
of 2.47 V and a capacity of 166 mAh/g. Additional Raman and colorimetry data for LiPON-coated V,0s
samples is summarized in Figures S5 and S11.



We confirmed the thickness and approximate composition of the V,0s and LiPON layers in our
samples using cross-sectional scanning electron microscopy (SEM) and energy dispersive X-ray
spectroscopy (EDX) (see Figure S3). Since conventional EDX is not sensitive to Li, we used time of flight
secondary ion mass spectrometry (ToF-SIMS) to measure the relative concentration of Li and other
elements as a function of thickness for Au/LiPON/Au and Au/LiPON/V205/Au stacks, shown in Figs. 2(c)
and 2(d), respectively. In these measurements, °Li* was used to track Li distribution, as “Li* signal was
oversaturated. Cs,PO* clusters were normalized to Cs,* and corresponding ration Cs,PO* / Cs,* was used
to measure distribution of negative PO species. See Figure S4 for the ToF-SIMS profile of the individual
V,0s sample).

Comparing the V* signal and the PO signals in Figure 2d, we see that the phosphate signal intensity
decreases to zero as the V* signal increases, indicating there is little to no phosphate in the V,0s layer.
However, the ®Li* signal does not decrease to zero, but rather to ~0.5 (all sighals are normalized by dividing
by the maximum intensity). This constant Li presence in the V,0s layer is not restricted to the interface
between LiPON and V,0s. Instead, Li is incorporated throughout the 275 nm V,0s layer. Additionally, the
consistent overlap of the ®Li* and PO* signals in the LiPON layer for Au/LiPON/Au and Au/LiPON/V,0s/Au
specimens suggests that there is no depletion of Li in the LiPON layer when deposited onto V,0s. Rather
than LiPON donating Li to V,0s during or after sputter deposition, it appears that there is a driving force
during the sputter deposition that drives Li transport through the growing LiPON SSE into the V,0s layer.

To further characterize the impact of autolithiation on the charge transport properties of LiPON,
we analyzed electrochemical impedance spectra (EIS) for Au/LiPON/Au and Au/LiPON/V,0s/Au, using top
contacts with diameters of 800, 1200, and 1500 um. The EIS data and the equivalent circuits used to
extract the ionic conductivity?® are shown in Figure 4, and yield an ionic conductivity of 7.0 + 2.0 x 107 S
cm? for LIiPON, well within the typical range reported in other studies.* 2 The fact that the ionic
conductivity remains unchanged supports our hypothesis that Li is incorporated into V,0s during the
sputtering process, without affecting the Li concentration or other properties of the LiPON SSE.



Our discovery that LiPON deposition results in autolithiation of the underlying Li intercalation oxide
film has the potential to dramatically simplify and enhance the fabrication process for thin film solid state
Li ion batteries and emerging Li iontronic devices with potential application in neuromorphic computing.
To demonstrate these concepts, we fabricated and tested fully symmetric TFSSLIBs with a layer stack of
V,0s/LiPON/V,0s, as well as non-symmetric TFSSLIBs where the top layer was lithiated by co-sputtering
with Li,0.?” The latter samples were used to specifically explore the increased overall Li concentration on
long term cycling. The patterning, cross-sectional SEM and EDS, and depth resolved x-ray photoemission
spectroscopy (XPS) profiles for the symmetric cells are shown in Figure S6. Two different voltage windows
were investigated by galvanostatic cycling, + 3 and £ 5V, shown in Figure 4a. In these symmetric TFSSLIB,
there is no Li RE; however, this system is akin to the symmetric beaker cell experiment discussed earlier,
and + 3 V should correspond to a voltage window of 1.0 - 4.0 V for V,0s vs Li/Li*. A current density of 50
pA/cm? was used for each voltage window. At the 50 pA/cm? current density, a maximum capacity of 330
mAh/g was reached, corresponding to a composition of 2.2 Li* per V,0s, with all the mobile Li originating
from autolithiation.

For the non-symmetric cells, we used co-sputtering of Li,O and V,0s to deposit Li\V,0s onto
LiPON/V,0s (see Figure S9 for cross-sectional SEM images with EDS, and see ref 2’ for more details on the
co-sputtering process). As shown in Figure 4b, we measured a capacity of 425 mAh/g at a rate of C/2
(current density of 16 uA/cm?), which corresponds to a composition of ~Li,sV,0s. This composition is
approximately consistent with the Li composition inferred using quantitative backscattered electron
(9BSE) imaging (see Fig. S8)%®. gBSE can measure Li concentration by comparing EDS composition
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Figure 3. Electrochemical impedance spectroscopy (EIS) data for (a) LiPON and (b) LiPON-coated V20s, plotted
in the range of 250 kHz to 10 Hz, with the equivalent circuits used for fitting to the EIS data shown above.

measurements with a backscattered electron image calibrated by effective atomic number, Z.2>3° To
determine rate and endurance characteristics, we cycled a non-symmetric TFSSLIB at 0.65 mA/cm?, or ~20
C, for over 1600 cycles, as shown in Figure 4c. Using the highest and lowest capacities, we observed an



8.4% drop in discharge capacity from cycle #80 (294 mAh/g) to cycle #1600 (269 mAh/g). In comparison,
Leger et al. reported a reversible capacity of 310 mAh/g for w-LixV,0s cycled for 30 cycles at C/20.3! These
results suggest that the combination of the LiPON-coated bottom V,0s electrode with the co-sputtered
top LVO electrode enabled reversible w-Li«V,0s cycling. However, the presence of w-V,0s could not be
confirmed in STEM analysis due to the d-spacing overlap between Au and w-Li3V,0s (see Figure S7).
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Figure 4. (a) Galvanostatic charge/discharge of a V.0s/LiPON/V20s TFSSLIBs where the gray and black lines
correspond to the + 3V and + 5V windows, respectively, and the solid and dashed lines correspond to the first and
second cycles, respectively. (b) Galvanostatic charge/discharge of LVO/LiPON/V.0s TFSSLIBs where the gray and
black lines correspond to current densities of 16 uA/cm? and 162 pA/cm?, respectively, and the solid and dashed
lines correspond to the first and second cycles, respectively. (c) Capacity and Coulombic efficiency for the
LVO/LiPON/V20s TFSSLIB cycled at 0.65 mA/cm? 20C, for 1600 cycles. (d) Cross-sectional TEM for the
LVO/LiPON/V20s TFSSLIB.



We next explored how the autolithiation mechanism of V,0s could be employed for the fabrication
of Li iontronic devices that could be used in applications such as in-memory analog computing elements
for accelerating training and inference of deep neural networks.3>*3 Previously, Li et al. investigated the
reversible lithiation of TiO, anatase to realize synaptic transistors, also commonly referred to as
electrochemical random access memory (ECRAM), with highly symmetric and linear control of
conductance.®* To provide a source of lithium, Li et al. needed to introduce an additional electrode of
LiFePO,4, which complicates the device fabrication and scaling. Here we show that the autolithiation
process eliminates the need for a separate Li source. The ECRAM devices were fabricated using the same
method as used for the symmetric TFSSLIB, with the bottom V,0s electrode acting as the channel and the
top V,0s acting as reservoir electrode, separated by LiPON (Figure 5a). The transistor source/drain Au
contacts were patterned using photolithography to define a channel with 1.9 mm width and 4 um length,
as previously described by Fuller et al.®® The transfer and conductance switching characteristics for a
LiV,0s ECRAM device are shown in Figs 5b and 5c, respectively. The ~103x change in the electronic
conductance with Li insertion is consistent with introduction of free carriers into the V.05 conduction
band (Fig. 5b). This result is distinct from earlier measurements made by Shibuya et al., who observed a
more complex dependence of electronic conductivity on Li content, which could be due to differences in
the V,0s film structure and thickness.?® The linear and symmetric switching characteristics of the LixV,0s
ECRAM and its conductance retention characteristics (Fig 5d) are promising for realizing tunable resistors
for analog neural networks.3 For the as-fabricated device, the high initial conductance (1.6 mS) and +90
mV OCV of the gate in reference to the channel (Fig. 5b) are consistent with autolithiation of the bottom
V,0s layer (the channel).
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Figure 5. (a) Cross-section SEM image of LixV,0s ECRAM and circuit schematic. (b) Channel (bottom
electrode in (a)) conductance plotted vs. gate voltage, Vg, (top electrode). (c) Conductance switching
with Vg = +1 V, 2 ms pulse. Plot shows the results for the first and last 500 pulses of 10° total
programming pulses. (d) Conductance retention for four programmed states, under OCV.



Our observation of V,0s lithiation during LiPON deposition is consistent with both thermodynamic
and transport analyses of the sputtering process. From a thermodynamic perspective, the key idea is that
because we start with thin-film, Li-free V,0s, there exists a strong thermodynamic driving force for Li*
insertion from the plasma. This thermodynamic driving force is present from the moment the LiPON
sputtering begins, and we expect lithiation of V,0s to begin even before any significant amount of LiPON
has been deposited. The thermodynamic driving force is noted schematically in Figure 1(a), and can be
interpreted as a potential difference with a magnitude that is approximately that of delithiated V,0s vs.
Li. In this case the Li source is Li* in the plasma, but several volts of driving force are expected. We also
note that there is an e~ source at the substrate/LiV,0s interface, because there is a constant supply of
energetic electrons inside the plasma. The process can be considered direct chemical lithiation of V,0s,
because no electrolyte layer is present.

The thermodynamic driving force for LixV.0s lithiation remains (assuming it does not reach a
thermodynamic equilibrated state at short time, i.e., minutes) even as the LiPON layer grows. In other
words, there remains a potential difference driving Li* ionic transport from the plasma phase to the Li,V,0s
phase as LiPON grows. Hence, transport in the system can be considered ionic transport through a solid
electrolyte due to a potential driving force, and hence governed by Ohm’s law. Assuming lithiation
happens at a constant rate (i.e., neglecting a changing rate of Li* transport as LiPON grows in thickness),
to lithiate 300 nm of initial V>0s to Li,V,0s in 24 hours would require a Li* current of ~1 pA/cm?. Assuming
LiPON conductivity of 7x107 S/cm and a thickness of 500 nm results in a resistance of ~70 Ohm per 1 cm?.
Hence, a potential driving force of <0.1 mV is sufficient is drive this current. In other words, transport of
Li* to LixV20s for continued insertion can be accounted for in the form of Li* conduction from the plasma
phase through LiPON with the potential driving force (between Li* in the plasma and Li,V,0s) that is
present. In addition, if we consider that the reaction 8Li* + 8e™ + LiyV,05 — Liy, 5V, 05 takes place at
the LixV>0s/LiPON interface, we can estimate whether there may be Li concentration gradients within the
LixV,20s thin film. To do so, we estimate the time constant for Li diffusion within Lik\V,0s as T = L,/D. With
L =500nmand D = 1x1071®m? / s, we find T < 1h. With LiPON sputtering taking 24 h, this suggests
that there are unlikely to be Li transport limitations within the LixV.0s film during its lithiation. To
summarize, we have identified a source of Li* and e from the plasma, and the initial V.05 as reactants
with a clear thermodynamic driving force, and with a mechanism for lithiation of the V,0s. Estimates of
Li* ionic conduction through the growing LiPON film, and of Li diffusion within the LixV.Os layer, indicate
the absence of any significant transport limitations for the proposed processes within the system.

The use of prelithiation as a means of achieving high capacity and energy density is common in both
conventional and TFSSLIBs. The most typical methods are electrochemical prelithiation, chemical
prelithiation, prelithiation additives during electrode deposition, and direct contact/short circuit between
a negative electrode and a lithium metal foil.3” To our knowledge, Li incorporation into V,0s due to a
sputtered LiPON overlayer has not been previously reported. In the first work on LiPON-coated V,0s, by
Bates and Dudney, there was no evidence to suggest that Li* was incorporated into the underlying V,0s,
as evidenced by the reported OCV of the V,0s of 3.7 V vs Li/Li*, consistent with non-lithiated V,0s. This
may have been due to the rough microstructure and non-conformal coating of the solid electrolyte
specifically noted by the authors, resulting in highly non-uniform Li* transport.® Other studies of LiPON
on V,0s prelithiated the V,0s before LIPON deposition, either electrochemically, by sol-gel methods,
by using an LiV,0s target for RF magnetron sputtering,” or by using Li,O and V,0s targets to co-sputter a
prelithiated V,0s thin film.?” Prelithiation of the V,0s cathode makes any contribution of Li from LiPON
difficult to distinguish. Recent work by Nuwayhid et al found intermixing of atomic layer deposition
NaPON onto V,0s caused significant intermixing,*® indicating that this phenomenon may not be limited
to sputtering or to lithium.
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Since neither the transport through the LiPON film, nor the diffusion in the V,0s appear to limit the
rate of autolithiation for the typical layer thicknesses examined in this work, we surmise that the kinetics
of autolithiation are primarily determined by the sputtering process. The mass of the LisPO, target was
taken before and after three LiPON depositions, with a total loss of 0.8 g. Assuming that the target is
nominally fully dense, and using the cumulative deposition time, the Li flux out of the magnetron was
estimated to be 5 X 107® mmol Li/cm?/s. This is two orders of magnitude higher than the flux required
for the growth rate of LiPON that we measure, implying that only ~1% of the Li removed from the target
during sputtering reacts with the sample (compare the axis units in Figure 1(b)), which is consistent with
an inverse square law decrease in flux due to the target-sample distance of 12 cm. If the autolithiation
mechanism is simply a matter of delivering Li to react with the sample, then the rate of autolithiation
should be linearly proportion to the LiPON growth rate. A LiPON deposition of 20 nm (1 hr) was carried
out on a 50 nm V,0s film, and the resulting composition and distribution of Li in the V,0s was assessed by
XPS using an Ar* sputter depth profile (see Figure S10). The resulting composition measured in this way
was Lio.7V20s. This data point is plotted together with the typical result from a 500 nm LiPON film grown
on 300 nm of V,0s in Figure 1(b). A best fit line including these two points and the origin (solid curve, note
the logarithmic y-axis) shows that these two dramatically different deposition times and sample
thicknesses are self-consistent, and gives an estimate that 0.86% of the Li flux from the target reacts with
the sample. The 0.86% estimate includes the Li required for both the autolithiation of the V,0s and the
growth of the LiPON film (he sum of these two amounts is shown in the dashed curve in Figure 1b).

In this work, we report on our surprising observation that deposition of thin-film LiPON solid state
electrolyte onto thin-film V,0s results in autolithiation of the oxide by as much as 2.2 Li per V,0s. Also
surprisingly, we find that the autolithiation process does not affect the LiPON electrolyte, with electrolyte
films deposited on V,0s showing similar chemical composition (including Li) and ionic conductivity to
those deposited simultaneously on metallic substrates. Following solid electrolyte deposition, V,0s/LiPON
electrodes display a reversible capacity in liquid electrolytes ranging from ~170 to 300 mAh/g. Using the
autolithiation process, we demonstrate the first fully symmetric V,0s/LiPON/V,0s, useful for isolating
cathode/electrolyte performance limiting processes from those related to anode/electrolyte interactions.
By combining an autolithiated V,0s with a lithiated Li,V,0s electrode we demonstrate a TFSSLIB that
exhibits high rate capability of 20C (0.6 mA/cm?) with a high capacity of ~300 mAh/g, and promising
endurance with over 80 percent capacity retention after 1,600 cycles. Finally, we show that the symmetric
V,0s5/LiPON/V,0s cell can form the basis of lithium iontronic devices for neuromorphic computing with
promising characteristics, and with the autolithiation process greatly simplifying the device fabrication.
Our analysis of the autolithiation process suggests it can be applied to a wide range of electrodes, and we
anticipate that further tuning this process, such as adjusting the Li composition of the LiPON sputter target
as well as the substrate temperature, could substantially accelerate the autolithiation rate. In summary,
our discovery that LiPON deposition results in autolithiation of the underlying insertion oxide film has the
potential to dramatically simplify and enhance the fabrication process for thin film solid state Li ion
batteries and emerging lithium iontronic neuromorphic computing devices.

EXPERIMENTAL METHODS

The substrates used were 3-inch p-type Si wafers coated with 500 nm SiO2 grown in a Tystar
CVD furnace, as well as a 10 nm Ti adhesion layer and 50 nm Au current collector deposited via e-beam
evaporation. The bottom layer of V,0s was deposited via DC magnetron sputtering using a metal V
target in an AJA ATC 1800 sputtering system at 400 W using 1:1 ratio of Ar and O, gas (10 sccm of each),
a working pressure of 4.5 mTorr, with the sample temperature at 300 C. The solid electrolyte LiPON is
deposited in the same tool via RF magnetron sputtering using a LisPO, target in an N> atmosphere (20
sscm) at 100 W and with a working pressure of 2.0 mTorr. A ring mask was used for the bottom V,0s and
LiPON layers, depositing a blanket layer of each, while leaving the bottom current collector around the
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edge accessible. The top layer LVO is deposited via RF magnetron co-sputtering process using Li,O and
V,0s targets deposited in an AJA ATC Orion 8 sputtering system. The power was 120 W and 153 W for
the Li,O and V,0s targets respectively; the rest of the sputtering parameters can be found in our
previously published work.?” After the top Au current collector is deposited via sputtering, the entire
stack is post-annealed at either 250 or 300 C for 3 hours in 20 sccm N,. The top LVO and Au layers were
deposited via sputter mask with 2 mm diameter dots, allowing for a maximum of 49 individual TFSSLIBs
to be deposited on a single wafer.

Measurements were performed using a probe station inside an Ar glovebox coupled to a
biologic potentiostat. The bottom V,0s layer was assigned to the working electrode (WE) while the top
LVO was assigned to the counter/reference electrode (CE/RE). Symmetric beaker cell experiments were
conducted using V,0s deposited on the same Au/Ti/Si/SiO, substrates. One of the V,0s samples was
prelithiated in the beaker cell using a Li metal CE/RE with a voltage window of 2.1 to 4.0 V vs. Li*/Li. This
sample was used as the counter electrode, the V,0s as the working electrode, and a Li metal as a
reference electrode.

The time-of-flight secondary ion mass spectrometry (ToF-SIMS) analysis was performed using
the ToF.SIMS.5-NSC instrument (ION.TOF GmbH). A Bi* liquid metal ion gun, operating at 30 keV energy,
30 nA DC mode current, and with a spot size of approximately 5 um, served as the primary source for
chemical analysis. A Cs* sputter ion gun was additionally used with operating at 1 keV energy and 70 nA
current for depth profiling. The measurements were conducted in non-interlaced mode, with each
analysis scan by Bi* (100x100 um?) was succeeded by 5 seconds of sputtering with Cs+ (300 x 300 um?).
Low energy electron flood gun was used for charge compensation. Secondary ions were then analyzed
using time-of-flight mass analyzers with a mass resolution of m/Am = 1,000 ~ 10,000 in the positive ion
detection mode.

For SEM/EDS analysis, samples were cleaved with a diamond scribe in air and mounted onto a
cross-sectional stub. Samples were kept in an Ar glovebox and were only cleaved right before inserting
into the SEM to limit the amount of time-in-air for the exposed cross-sections. No polishing or other
sample preparation was done for this analysis.

For the gBSE imaging, samples were Ar ion polished in Gatan PECS Il system, and then vacuum
transferred into an SEM without air exposure using a load-lock system. The SEM utilized an OnPoint BSE
detector that was calibrated to Z with known standards.?® The data was recorded using an accelerating
voltage of 5 kV.

Electron transparent samples for TEM analysis were prepared using a ThermoFisher Helios 660
Nanolab dualbeam FIB/SEM. TEM analysis was performed at 300 kV on an aberration corrected
ThermoFisher Themis Z with a SuperX EDS detector.

ASSOCIATED CONTENT
Figure S1. Cyclic voltammetry of a V,0s coated with 750 nm of LiPON.

Figure S2. Symmetric cycling of two LiPON-coated V205 thin film electrodes with a metallic lithium
reference electrode.

Figure S3. Scanning electron microscopy with energy dispersive spectroscopy analysis of LiPON coated
thin film V,0s electrode.

Figure S4. Time of flight secondary ion mass spectrometry analysis of LIPON coated thin film V,0s
electrode.
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Figure S5. Raman spectroscopy, colorimetry and OCV of LiPON coated and electrochemically lithiated
V205 films.

Figure S6. (a) Scanning electron microscopy with energy dispersive energy analysis, (b) depth resolved X-
ray photoelectron microscopy of a V,0s/LiPON/V,0s battery.

Figure S7. (a) SEM with EDS analysis of a LixV205/LiPON/V205 battery.

Figure S8. Quantitative Backscattered Image data collected in a scanning electron microscope showing
change in mean atomic number with position in fresh (top) and cycled (bottom) non-symmetric battery.

Figure S9. STEM HAADF Images and corresponding EDS maps and standardless quantification line profile
results for fresh and cycled battery.

Figure S10. XPS depth profile through a stack consisting of LIPON(20nm)/V20s(50nm).

Figure S11. Colorimetry, Raman, and SEM cross section analysis of a wafer substrate with defined V,0s
pads and covered with LiPON film without specimen rotation during deposition.

AUTHOR INFORMATION
The authors declare no competing financial interest.

ZW and AAT conceived and planned the experiments. ZW fabricated, characterized, and analyzed
samples. VF and NK advised the TFSSLIB and beaker cell electrochemical testing. DR tested and analyzed
ECRAM devices. ToF-SIMS and TEM characterization were done by AVL and JDS, respectively. PA and
DMS contributed to analysis of autolithiation. JL performed the qBSE analysis. SL and GR advised on the
scientific validity of the work. ZW and AAT wrote the manuscript and all authors contributed to its
editing.

ACKNOWLEDGEMENTS

This work was mainly supported by the U.S. Department of Energy, Office of Science, Office of
Basic Energy Sciences, under Grant DE-SC0021070. Electrochemical random access memory device
characterization and transmission electron microscopy were supported by the Center for Reconfigurable
Electronic Materials Inspired by Nonlinear Neuron Dynamics (ReMIND), an Energy Frontier Research
Center funded by the U.S. Department of Energy, Office of Science, Basic Energy Sciences. The ToF-SIMS
measurements were conducted at the Center for Nanophase Materials Sciences, which is a DOE Office
of Science User Facility, and using instrumentation within ORNL's Materials Characterization Core
provided by UT-Battelle, LLC under Contract No. DE-AC05-000R22725 with the U.S. Department of
Energy. Sandia National Laboratories is a multimission laboratory managed and operated by National
Technology and Engineering Solutions of Sandia, LLC, a wholly owned subsidiary of Honeywell
International, Inc., for the U.S. Department of Energy’s National Nuclear Security Administration under
contract DE-NA-0003525. The views expressed in the article do not necessarily represent the views of
the U.S. Department of Energy or the United States Government.

REFERENCES

(1) Chen, J.; Wu, J. W.; Wang, X. D.; Zhou, A. A.; Yang, Z. L. Research progress and application prospect of
solid-state electrolytes in commercial lithium-ion power batteries. Energy Storage Materials 2021, 35.
DOI: 10.1016/j.ensm.2020.11.017.

13



(2) Chen, Y.; Wen, K. H.; Chen, T. H.; Zhang, X. J.; Armand, M.; Chen, S. M. Recent progress in all-solid-
state lithium batteries: The emerging strategies for advanced electrolytes and their interfaces. Energy
Storage Materials 2020, 31, 401-433. DOI: 10.1016/j.ensm.2020.05.019.

(3) Qi, Y.; Swift, M. W.; Fuller, E. J.; Talin, A. A. Interface potentials inside solid-state batteries: Origins
and implications. MRS Bulletin 2023. DOI: 10.1557/s43577-023-00625-1.

(4) Bates, J. B.; Dudney, N. J.; Gruzalski, G. R.; Zuhr, R. A.; Choudhury, A.; Luck, C. F.; Robertson, J. D.
FABRICATION AND CHARACTERIZATION OF AMORPHOQOUS LITHIUM ELECTROLYTE THIN-FILMS AND
RECHARGEABLE THIN-FILM BATTERIES. Journal of Power Sources 1993, 43 (1-3), 103-110. DOI:
10.1016/0378-7753(93)80106-y.

(5) Wu, C. Z,; Feng, F.; Xie, Y. Design of vanadium oxide structures with controllable electrical properties
for energy applications. Chemical Society Reviews 2013, 42 (12), 5157-5183. DOI: 10.1039/c3¢s35508;.
(6) Zhang, Y.; Luo, Y.; Fincher, C.; Banerjee, S.; Pharr, M. Chemo-mechanical degradation in V205 thin
film cathodes of Li-ion batteries during electrochemical cycling. Journal of Materials Chemistry A 2019, 7
(41), 23922-23930, 10.1039/C9TA05243G. DOI: 10.1039/C9TA05243G.

(7) Zhang, Y. M.; Marschilok, A. C.; Takeuchi, K. J.; Kercher, A. K.; Takeuchi, E. S.; Dudney, N. J.
Understanding How Structure and Crystallinity Affect Performance in Solid-State Batteries Using a Glass
Ceramic LiV<sub>3</sub>0<sub>8</sub> Cathode. Chemistry of Materials 2019, 31 (16), 6135-6144.
DOI: 10.1021/acs.chemmater.9b01571.

(8) Yao, J. H.; Li, Y. W.; Massé, R. C.; Uchaker, E.; Cao, G. Z. Revitalized interest in vanadium pentoxide as
cathode material for lithium-ion batteries and beyond. Energy Storage Materials 2018, 11, 205-259. DOI:
10.1016/j.ensm.2017.10.014.

(9) Christensen, C. K.; Sorensen, D. R.; Hvam, J.; Ravnsbaek, D. B. Structural Evolution of Disordered
Li<i><sub>x</sub></i>V<sub>2</sub>0<sub>5</sub> Bronzes in V<sub>2</sub>0<sub>5</sub>
Cathodes for Li-lon Batteries. Chemistry of Materials 2019, 31 (2), 512-520. DOI:
10.1021/acs.chemmater.8b04558.

(10) Bates, J. B.; Dudney, N. J.; Gruzalski, G. R.; Zuhr, R. A.; Choudhury, A.; Luck, C. F.; Robertson, J. D.
ELECTRICAL-PROPERTIES OF AMORPHOUS LITHIUM ELECTROLYTE THIN-FILMS. Solid State lonics 1992,
53, 647-654. DOI: 10.1016/0167-2738(92)90442-r.

(11) Li, J. C.; Ma, C.; Chi, M. F.; Liang, C. D.; Dudney, N. J. Solid Electrolyte: the Key for High-Voltage
Lithium Batteries. Advanced Energy Materials 2015, 5 (4). DOI: 10.1002/aenm.201401408.

(12) Westover, A. S.; Dudney, N. J.; Sacci, R. L.; Kalnaus, S. Deposition and Confinement of Li Metal along
an Artificial Lipon-Lipon Interface. Acs Energy Letters 2019, 4 (3), 651-655. DOI:
10.1021/acsenergylett.8b02542.

(13) Dudney, N. J. Addition of a thin-film inorganic solid electrolyte (Lipon) as a protective film in lithium
batteries with a liquid electrolyte. Journal of Power Sources 2000, 89 (2), 176-179. DOI: 10.1016/s0378-
7753(00)00427-4.

(14) Wang, W. W.; Yue, X. Y.; Meng, J. K.; Wang, J. Y.; Wang, X. X.; Chen, H.; Shi, D. R.; Fu, J.; Zhou, Y. N.;
Chen, J.; et al. Lithium phosphorus oxynitride as an efficient protective layer on lithium metal anodes for
advanced lithium-sulfur batteries. Energy Storage Materials 2019, 18, 414-422. DOI:
10.1016/j.ensm.2018.08.010.

(15) Lin, C. F.; Noked, M.; Kozen, A. C.; Liu, C. Y.; Zhao, O.; Gregorczyk, K.; Hu, L. B.; Lee, S. B.; Rubloff, G.
W. Solid Electrolyte Lithium Phosphous Oxynitride as a Protective Nanocladding Layer for 3D High-
Capacity Conversion Electrodes. Acs Nano 2016, 10 (2), 2693-2701. DOI: 10.1021/acshano.5b07757.
(16) Gittleson, F. S.; El Gabaly, F. Non-Faradaic Li<SUP>+</SUP> Migration and Chemical Coordination
across Solid-State Battery Interfaces. Nano Letters 2017, 17 (11), 6974-6982. DOI:
10.1021/acs.nanolett.7b03498.

14



(17) Leung, K.; Pearse, A. J.; Talin, A. A.; Fuller, E. J.; Rubloff, G. W.; Modine, N. A. Kinetics-Controlled
Degradation Reactions at Crystalline LiPON/Li<i><sub>x</sub></i>CoO<sub>2</sub> and Crystalline
LiPON/Li-Metal Interfaces. Chemsuschem 2018, 11 (12), 1956-1969. DOI: 10.1002/cssc.201800027.
(18) Swift, M. W.; Qi, Y. First-Principles Prediction of Potentials and Space-Charge Layers in All-Solid-
State Batteries. Physical Review Letters 2019, 122 (16). DOI: 10.1103/PhysRevlLett.122.167701.

(19) Grahame, D. C. THE ELECTRICAL DOUBLE LAYER AND THE THEORY OF ELECTROCAPILLARITY.
Chemical Reviews 1947, 41 (3), 441-501. DOI: 10.1021/cr60130a002.

(20) Baddour-Hadjean, R.; Pereira-Ramos, J. P. Raman Microspectrometry Applied to the Study of
Electrode Materials for Lithium Batteries. Chemical Reviews 2010, 110 (3), 1278-1319. DOI:
10.1021/cr800344k.

(21) Baddour-Hadjean, R.; Marzouk, A.; Pereira-Ramos, J. P. Structural modifications of
Li<sub>x</sub>V<sub>2</sub>0<sub>5</sub> in a composite cathode (0 < <i>x</i> &lt; 2) investigated
by Raman microspectrometry. Journal of Raman Spectroscopy 2012, 43 (1), 153-160. DOI:
10.1002/jrs.2984.

(22) Baddour-Hadjean, R.; Renard, M. S.; Pereira-Ramos, J. P. Unraveling the structural mechanism of Li
insertion in y’-V<sub>2</sub>0<sub>5</sub> and its effect on cycling properties. Acta Materialia 2019,
165, 183-191. DOI: 10.1016/j.actamat.2018.11.043.

(23) Baddour-Hadjean, R.; Pereira-Ramos, J. P.; Navone, C.; Smirnov, M. Raman microspectrometry
study of electrochemical lithium intercalation into sputtered crystalline V<sub>2</sub>0O<sub>5</sub>
thin films. Chemistry of Materials 2008, 20 (5), 1916-1923. DOI: 10.1021/cm702979k.

(24) Jarry, A.; Walker, M.; Theodoru, S.; Brillson, L. J.; Rubloff, G. W. Elucidating Structural
Transformations in Li<i><sub>x</sub></i>V<sub>2</sub>0<sub>5</sub> Electrochromic Thin Films by
Multimodal Spectroscopies. Chemistry of Materials 2020, 32 (17), 7226-7236. DOI:
10.1021/acs.chemmater.0c01478.

(25) Randles, J. E. B. KINETICS OF RAPID ELECTRODE REACTIONS. Discussions of the Faraday Society
1947, 1, 11-19. DOI: 10.1039/df9470100011.

(26) Hamon, Y.; Douard, A.; Sabary, F.; Marcel, C.; Vinatier, P.; Pecquenard, B.; Levasseur, A. Influence of
sputtering conditions on ionic conductivity of LiPON thin films. Solid State lonics 2006, 177 (3-4), 257-
261. DOI: 10.1016/j.s5i.2005.10.021.

(27) Ferrari, V. C.; Kim, N. S.; Lee, S. B.; Rubloff, G. W.; Stewart, D. M. Co-sputtering of lithium vanadium
oxide thin films with variable lithium content to enable advanced solid-state batteries. Journal of
Materials Chemistry A 2022, 10 (23), 12518-12531. DOI: 10.1039/d2ta01021f.

(28) Lee, J.; Mu, S.; Stowe, D. J. On the Accuracy of the Composition-by-difference Method for
Determining Lithium Content in Oxides. Microscopy and Microanalysis 2022, 28 (S1), 548-550. DOI:
10.1017/51431927622002781 From Cambridge University Press Cambridge Core.

(29) Osterreicher, J. A.; Simson, C.; GroRalber, A.; Frank, S.; Gneiger, S. Spatial lithium quantification by
backscattered electron microscopy coupled with energy-dispersive X-ray spectroscopy. Scripta
Materialia 2021, 194, 113664. DOI: https://doi.org/10.1016/j.scriptamat.2020.113664.

(30) Donovan, J. J.; Pingitore, N. E.; Westphal, A. Compositional Averaging of Backscatter Intensities in
Compounds. Microscopy and Microanalysis 2003, 9 (3), 202-215. DOI: 10.1017/s1431927603030137
(acccessed 12/16/2023).

(31) Leger, C.; Bach, S.; Soudan, P.; Pereira-Ramos, J. P. Structural and electrochemical properties of w-
Li<i><sub>x</sub></i>V<sub>2</sub>0<sub>5</sub> (0.4<<i>x</i><3) as rechargeable cathodic
material for lithium batteries. Journal of the Electrochemical Society 2005, 152 (1), A236-A241. DOI:
10.1149/1.1836155.

(32) Fuller, E. J.; Keene, S. T.; Melianas, A.; Wang, Z.; Agarwal, S.; Li, Y.; Tuchman, Y.; James, C. D,;
Marinella, M. J.; Yang, J. J.; et al. Parallel programming of an ionic floating-gate memory array for
scalable neuromorphic computing. Science 2019, 364 (6440), 570-574. DOI: 10.1126/science.aaw5581.

15


https://doi.org/10.1016/j.scriptamat.2020.113664

(33) Talin, A. A; Li, Y.; Robinson, D. A; Fuller, E. J.; Kumar, S. ECRAM Materials, Devices, Circuits and
Architectures: A Perspective. Advanced Materials 2023, 35 (37), 2204771. DOI:
https://doi.org/10.1002/adma.202204771.

(34) Li, Y. Y.; Fuller, E. J.; Asapu, S.; Agarwal, S.; Kurita, T.; Yang, J. J.; Talin, A. A. Low-Voltage, CMOS-Free
Synaptic Memory Based on Li<i><sub>x</sub></i>TiO<sub>2</sub> Redox Transistors. Acs Applied
Materials & Interfaces 2019, 11 (42), 38982-38992. DOI: 10.1021/acsami.9b14338.

(35) Fuller, E. J.; El Gabaly, F.; Léonard, F.; Agarwal, S.; Plimpton, S. J.; Jacobs-Gedrim, R. B.; James, C. D.;
Marinella, M. J.; Talin, A. A. Li-lon Synaptic Transistor for Low Power Analog Computing. Advanced
Materials 2017, 29 (4). DOI: 10.1002/adma.201604310.

(36) Shibuya, M.; Yamamura, S.; Matsue, T.; Uchida, I. IN-SITU CONDUCTIVITY MEASUREMENTS DURING
LITHIUM INTERCALATION DEINTERCALATION ON V205 THIN-FILM BY USING INTERDIGITATED
MICROARRAY ELECTRODES. Chemistry Letters 1995, (8), 749-750. DOI: 10.1246/cl.1995.749.

(37) Zhan, R. M.; Wang, X. C.; Chen, Z. H.; Seh, Z. W.; Wang, L.; Sun, Y. M. Promises and Challenges of the
Practical Implementation of Prelithiation in Lithium-lon Batteries. Advanced Energy Materials 2021, 11
(35). DOI: 10.1002/aenm.202101565.

(38) Pearse, A.; Schmitt, T.; Sahadeo, E.; Stewart, D. M.; Kozen, A.; Gerasopoulos, K.; Talin, A. A,; Lee, S.
B.; Rubloff, G. W.; Gregorczyk, K. E. Three-Dimensional Solid-State Lithium-lon Batteries Fabricated by
Conformal Vapor-Phase Chemistry. Acs Nano 2018, 12 (5), 4286-4294. DOI: 10.1021/acsnano.7b08751.
(39) Zhang, Q.; Kercher, A. K.; Veith, G. M.; Sarbada, V.; Brady, A. B.; Li, J.; Stach, E. A.; Hull, R.; Takeuchi,
K. J.; Takeuchi, E. S.; et al. Lithium Vanadium Oxide (Li<sub>1.1</sub>V<sub>3</sub>0<sub>8</sub>)
Coated with Amorphous Lithium Phosphorous Oxynitride (LiPON): Role of Material Morphology and
Interfacial Structure on Resulting Electrochemistry. Journal of the Electrochemical Society 2017, 164 (7),
A1503-A1513. DOI: 10.1149/2.0881707jes.

(40) Nuwayhid, R. B.; Kozen, A. C.; Long, D. M.; Ahuja, K.; Rubloff, G. W.; Gregorczyk, K. E. Dynamic
Electrode-Electrolyte Intermixing in Solid-State Sodium Nano-Batteries. Acs Applied Materials &
Interfaces 2023, 15 (20), 24271-24283. DOI: 10.1021/acsami.2c23256.

16


https://doi.org/10.1002/adma.202204771

Supplementary Materials
Simultaneous Solid Electrolyte Deposition and Cathode Lithiation for Thin Film
Batteries and Lithium lontronic Devices

Zoey Wareckil, Victoria Castagna Ferrari!, Donald A. Robinson?, Joshua D. Sugar?, Jonathan Lee*, Anton
V. levlev3, Nam Soo Kim?, David Murdock Stewart!, Sang Bok Lee?, Paul Albertus?, Gary Rubloff!, A. Alec
Talin?

A, James Clark School of Engineering, University of Maryland, College Park, MD 20742, USA
2Sandia National Laboratories, Livermore, CA 94551, USA
3Center for Nanophase Materials Science, Oak Ridge National Laboratory, Oak Ridge, TN, USA
4Gatan Inc., Pleasanton, CA, 94558

Characterization of LiPON coated V.05 electrodes

The three-electrode galvanostatic cycling was set with a current density of 10 pA/cm? and
potential limits set such that the cell voltage remained between 2.4 V and such that both V,0s were
always between 1.6 and 4.0 V vs the RE (Li/Li+), which corresponds to the 3 Li+ insertion window for
V,0s. For the first few cycles, the Li+ ions are split between the WE and CE, and the potential limits are
hit before the full capacity can be reached. By cycle 10, the system has reached a capacity of 220 mAh/g,
corresponding to 1.5 Li per V,0s. Before the full expected capacity of this system (based on the OCVs the
approx. full capacity would be 350 mAh/g) can be reached, the capacity begins to drop. It’s possible that
the full capacity would have been reached if a more appropriate voltage window had been chosen, e.g.,
between 2.1 and 4.0 V, since any w-phase cycling would be irreversible. However, despite not reaching
the full expected capacity, it is remarkable to note that all the Li cycled in this symmetric configuration is
solely due to the LiPON coatings on V,0s.
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Figure S1. Cyclic voltammetry of a V,0s coated with 750 nm of LiPON. By integrating the charge from
the linear voltammetry sweep from the OCV (2.14 V) to 4.0 V, we find a capacity of 299 + 33 mAh/g,
corresponding to a composition of Li;V,0s.
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Figure S2. Symmetric cycling of two LiPON-coated V,0s thin film electrodes with a metallic lithium
reference electrode.

Figure S3. Scanning electron microscopy with energy dispersive spectroscopy analysis of LiPON
coated thin film V,0s electrode.
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Figure S4. Time of flight secondary ion mass spectrometry analysis of LIPON coated thin film V,0s
electrode.

Raman spectroscopy and colorimetry analysis of thin film LiPON coated V.05 electrodes

The Raman spectra of five samples with 1 um LiPON and four samples with 0.75 um LiPON are
shown in Figure S5. V,0s is an electrochromic material with an orange color in the fully stoichiometric
phase. Increasing oxygen deficiency changes the sample color sequentially from orange to yellow-brown
to dark green to the grayish black seen in the highly reduced V,0s phase.! Li insertion into V,0s reduces
the vanadium and changes the optical properties; previous work by Jarry et al found a color change from
orange to yellow to green to brown when lithiating V,0s thin films from 3.4 V to 2.2 V (LigV20s to
Li,V20s).2 As shown in Fig. S5(a) below (insets), the color of our as-deposited V,0s is orange. There is a
range of color in the LiPON-coated V,0s, which is also reflected in the range of open circuit potential of
each sample, shown in Figs. S5(c) and (d). The LiPON-coated V,0s OCV was measured in a beaker cell
using 1 M LiClO4 in propylene carbonate (PC) as the liquid electrolyte and Li foil as a counter and
reference electrode. The OCV of a-V,0s is typically above 3.4 V vs. Li/Li*, while the OCV for the LiPON-
coated V,0s was between 2.14 V and 2.97 V vs Li/Li*. This range corresponds to Lii««<2V20s for the given
range of potentials. One sample showed an extremely low OCV of 1.2 V vs Li/Li*. The reason for this
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Figure S5. Raman spectroscopy, colorimetry and OCV of LiPON coated V,0s films.

variability and its relation to process conditions is not clear as this stage, as already discussed in the
main text.
Material characterization of V,0s/LiPON/V.,0s and LVO/LiPON/V,0s TFSSLIBs

(a) (b} o
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Figure S6. (a) Scanning electron microscopy with energy dispersive energy analysis, (b) depth
resolved X-ray photoelectron microscopy of a V,0s/LiPON/V,0s battery. The boundary between the
layers is chosen by the intersection of the V and P signal, although a similar boundary would be
obtained by using the N or Li instead of P. The Li signal (black) reaches an atomic percent as high as
20% in both the bottom and top 5 layers, which corresponds to a composition of Li; 75V20s.
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Figure S7. (a) SEM with EDS analysis of a LixV,0s/LiPON/V,0s battery. The OCV was found to be -950
mV £ 50 mV (for 30 devices). The bottom V,0s was chosen as the WE and the top LVO (sputtered
LixV20s) as the CE, indicating that the bottom V,0s at a lower potential compared to top LVO, and
thus contains more Li. (b) TEM diffraction patterns for as-fabricated and cycled LixV,0s/LiPON/V20s
TFSSLIBs. We could not conclusively identify the w-phase (corresponding to LisV20s) due to
interference from the Au electrode. This can be addressed in future using thicker electrodes.
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Quantitative Backscattered Imaging to Map Li Distribution
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Figure S8. Quantitative Backscattered Image data collected in a scanning electron microscope showing
change in mean atomic number with position in fresh (top) and cycled (bottom) non-symmetric battery.

Quantitative Backscattered imaging was performed with a Gatan Cipher System on an SEM.3 The Cipher
system can measure quantitative Li concentration by comparing EDS composition measurements with a
backscattered electron image* calibrated by effective atomic number, Z.° The difference between the
measured Z from EDS and the measured Z from BSE is attributed to Li and a Li content can be
determined. Unfortunately, because LiPON is so electron beam sensitive, it was not possible to acquire
EDS data with appropriate counting statistics for quantitative measurements before the surface changed
as a result of beam damage. Therefore, we only report the results of the quantitative backscattered
imaging here. The results show that codeposition of Li,O and V,0s produces a layer with Z of
approximately 9.3, which corresponds to more than 3 Li atoms per unit cell if the entire difference were
attributed to Li. This is probably a high estimate, as other microstructural features such as voids and
cracks can contribute to lower Z and some of these may not be visible at the surface. The bottom



electrode shows changes in Z that are consistent with transport of 1-2 Li atoms. The relative changes in
Z that are measured before and after cycling are consistent with Li moving between the Li\V,0s and

V,0s electrodes through the LiPON. In addition, there is a region near the bottom V,0s in the LiPON that

shows elevated Z. This is also consistent with diffusion of Li out of the LiPON and into the V,0s. What
this data mostly shows, however, is that there is much more Li motion in and out of the top V,0s
electrode compared to the bottom.

STEM-EDS Measurements
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Figure S9. STEM HAADF Images and corresponding EDS maps and standardless quantification line
profile results for fresh and cycled battery. After cycling, the O content in the bottom V,0s appears to
have reduced.
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Figure S10: XPS depth profile through the stack indicated schematically. The average Li concentration

corresponds to Lip7V20s. The increased Li concentration at the Li,V,0s/Pt interface is attributed to
preferential Li trapping at interfacial defects in the vanadium oxide film.
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Figure S11: a) V,0s pads sputter deposited through a shadow mask onto a Au/Ti/SiO,/Si substrate (75
mm diam.) with substrate rotation during deposition. b) Same sample following blanket coating with
LiPON, with no sample rotation during deposition. c) Cross section scanning electron micrographs of
regions indicated in b). d) Raman spectra collected for region A before and b) after LiPON coating.
Raman spectra collected from the other regions were identical.
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