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Advanced solid-state batteries most likely will entail aggressive structures or architectures with constraints that typically
DO: 10.1038/x0xx00000x limit processing temperatures. Considering this, we have identified the importance of providing lithiated electrode material
at a modest processing temperature. Here we describe a pathway to meet this by the development of a co-sputtering
process using lithium oxide and vanadium oxide targets which enables the growth of lithiated vanadium oxide (LVO) thin
films for application in solid-state batteries. Analysis of the structure and film composition of samples deposited with
different co-sputtering rate ratios and post-annealing shows that multiple phases of Li,V,0s likely coexist (i.e. a-, €-, 6-, and
y-V,0s), and that this is unchanged after electrochemical cycling. The co-sputtering process can tune the lithium content up
to a highly lithiated state of at least Li,V,0s. Electrochemical half-cells showed a significant amount of lithium available on
the first charge (delithiation of LVO). LVO samples post-annealed at 300 °C showed typical redox peaks for LiV,0s for both
one and two lithium insertion reactions, which were highly reversible in most cases. A thin-film solid-state battery prototype
using LVO as a cathode had 20 % of the expected capacity, although the coulombic efficiency is near 100 % at a fast rate
(22C). This co-sputtering technique represents an opportunity for low temperature synthesis of pre-lithiated cathodes for

thin film batteries, and introduces a broader methodology of depositing metal oxides with different alkali metal contents.

structure demonstrates the importance of incorporating Li into
either anode or cathode materials directly during their
deposition and serves as an example of the processing
requirements for thin-film-fabricated solid-state batteries. To
maximize energy and power density, thin electrode-electrolyte-
electrode layers should be configured to maximize the surface
area, and so the interfaces become the dominant part of the
system. Thin film fabrication should avoid thermal stress which
causes mechanical failure, unwanted surface contamination
which inhibits reactions, and any

Introduction

Lithium-ion batteries (LIBs) enabled a technological revolution
in portable devices, hybrid and electric vehicles, and smart
devices. However, the majority of commercially available LIBs
employ flammable liquid electrolytes, which increase the risk of
excessive heating and possible internal short circuits.>2 For this
reason and more, solid-state batteries (SSBs) are anticipated as
the next energy storage technology to replace present-day

LIBs.> For certain applications in biomedical devices and the electrochemical

electronics, thin-film SSBs are an important architecture,
compatible with many well-established micro-fabrication
processes for electronics integration. Borrowing techniques
from the micro-electronics industry, important factors
regarding scalability, processing cost, and flexibility in shape
and size are generally applicable to thin-film SSBs.4-®

A step toward more advanced SSB structures is depicted in
Figure 1, for which we have developed a thin film fabrication
strategy and modelled its performance and scaling. The
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processing steps which expose the most reactive layers
(typically the electrolyte or anode) to oxygen or moisture.
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Figure 1: Cross section of a representation of an advanced solid-state battery,
which leverages thin film processing to stack multiple layers of anode, electrolyte,
and cathode in a manner which magnifies the energy storage for a given device
footprint. Such batteries may be made in arbitrary shapes and intimately
integrated into micro-electronics devices. The total number of battery layers
depicted is small, but would scale depending on the desired performance.
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Among the benefits of using thin-film SSBs, the well-defined
surface area obtained from physical vapor deposition (PVD)
techniques allows excellent characterization of electrochemical
and electrical properties for further development of individual
constituent layers.>” More practically, the diffusion lengths
needed for electrons and lithium ions are smaller in thinner
films, which increases the power density of SSBs and reduces
internal resistances.?®'! High energy density is also desirable,
and it can be maximized by the choice of electrode material
couples and by stacking multiple thin film SSB layers as depicted
in Figure 1.

Each electrode material will have electrochemical phase
transformations occur at different voltages. Both the capacity
and voltage of the electrochemical reactions is relevant to the
performance of the device, where a larger voltage difference
between the anode and cathode reactions results in larger
energy density. Layered oxides are generally good cathode
candidates, with lithium cobalt oxide (LCO) being the most
commonly used in commercial portable electronics due to its
high capacity and high voltage where electrochemical reactions
of lithium insertion/extraction occur.!? Typically it is necessary
to anneal sputter deposited lithium cobalt oxide (LCO) at 500 °C
to achieve the correct phase. While good electrochemical
activity has been reported for electrodeposited LCO at only 260
°C8 13, switching between vacuum and liquid processes for each
battery layer render advanced SSB structures like that in Figure
1 much more difficult.

The toxicity and politically fraught sources of cobalt urge the
need to find another alternative to LCO cathodes in lithium
batteries. The layered oxide vanadium pentoxide (V,0s) has
been well studied and makes a suitable replacement for lithium
cobalt oxide as a cathode material; in fact, Panasonic first used
it in commercial batteries as early as the 2000s.* The
intercalation of one lithium ion per V,Os site corresponds to a
theoretical specific capacity of 147 mAh/g of V,0s, which is
comparable to lithium cobalt oxide’s capacity. However, the
voltage of the Li intercalation of V,0s is relatively lower than
LCO. This can be mitigated by the fact that more than one Li can
be reversibly intercalated into the V,0s5 structure with a higher
capacity.’>® The insertion of two lithium ions enables a
theoretical capacity of 294 mAh/g of V,0s in the voltage range
of 2.0 — 4.0 V vs Li/Li+.1*22 |n traditional LIBs, what limits the
use of lithium vanadium oxide (LVO) as a cathode is the slow
lithium ion diffusion (10*2 — 103 cm?/s) and poor electrical
conductivity (107 — 10® S/cm) of V,05,'%1% but the sluggish
transport can be mitigated by making the LVO thin, below a few
um. Therefore, in the context of thin film SSBs, the challenge is
producing LVO thin films with controlled Li content in a process
compatible with the deposition of subsequent electrolyte and
electrode layers.

Several works successfully produced crystalline and
amorphous vanadium oxide thin films using rf-magnetron
sputtering from a V,0s target and reacting with an argon and
oxygen atmosphere.?3726 Since pure V,0s is produced, this
process is primarily used for batteries with lithium containing
anodes. For a lithium free anode, the V,0s is typically lithiated

electrochemically post-deposition by immersion in liquid
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electrolyte, a process which is impractical for thin film
fabrication at scale, particularly for advanced architectures such
as depicted in Figure 1. One way to avoid electrochemical
lithiation is depositing lithiated vanadium oxide by co-
sputtering with a Li source.

Co-sputtering and multilayered sputter deposition have
been implemented as good methodologies to increase the
amount of lithium in thin-film anodes, like LizTisO4, (LTO), and
in solid electrolytes such as lithium garnets (Li;LasZr,04,). A
lithium oxide target was proven to effectively serve as a
supplementary lithium source for those thin-films which usually
showed a loss of lithium after sputter deposition due to high-
temperature annealing, while in this work it is the primary
source of lithium.27-30 One prior report studied the synthesis of
LVO using a vanadium oxide target and lithium phosphate
target (LizPO,) as V,05 and Li sources, respectively 31. They did
not present variations of co-sputtering conditions to fabricate
cathode materials with different amounts of lithium, and the
product of their co-sputtering process showed an
electrochemically active cathode material, but with a modest
charge/discharge capacity and a loss of 49 % between the first
and the 30t discharge cycles.

Herein, our study reports a promising LVO cathode for thin
film SSBs made by co-sputtering of V,05 and lithium oxide
(Li;O). In this case the Li,O is the primary and only source of
lithium during deposition. The thin films showed an
electrochemical capacity up to 114 and 222 mAh/g in one
lithium and two lithium insertion windows, respectively, when
post-annealed at 300 °C, during liquid cell testing. The co-
sputtering process could, therefore, pre-lithiate the vanadium
oxide during deposition in a high-vacuum process that
produced electrochemically active films. As a proof-of-concept,
solid-state batteries were fabricated using co-sputtered LVO
and a lithium-free anode (silicon) to confirm that the lithium
ions could be cycled in a solid-state device. The capacity is about
20 % of the expected value for one-lithium insertion, but the
devices worked even at very high C-rates (22C). More
optimizations can be done on those SSBs for future applications
in microelectronics. Furthermore, the investigation discussed
here can provide an avenue to fabricate cathode materials with
different ions, such as sodium and magnesium, and expand
opportunities for SSB design and fabrication.

Methodology

LVO samples were fabricated using a co-sputtering process, by
striking both 2-inch diameter V,05 and Li,O targets at the same
time inside a UHV chamber. In this case, the substrate was a Si
wafer that was previously coated with 500 nm of SiO,, a 10 nm
Ti adhesion layer, and finally a 50 nm Au thin film, which served
as the current collector for electrochemical measurements. Co-
sputter depositions were done in an AJA ATC Orion 8 Sputter
tool, with a 13 cm target-to-substrate distance. Both targets’
power was ramped up/down in 900 s in 30 sccm of argon at
25 mTorr of pressure. For deposition the pressure was reduced
to 1.5 mTorr, established using 12 sccm of argon for co-
sputtered processes and 11 sccm of argon with 1sccm of

This journal is © The Royal Society of Chemistry 20xx
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oxygen for pure V,0s5 deposition. A common deposition time of
3 hours was used for all films.

To investigate the deposition parameters, four different LVO
films were produced using two different variables: the power of
the Li,O target, and a post-annealing step. Different levels of
Li20 target power were tested, but no significant amount of
lithium could be extracted during electrochemical testing when
the target power was below 60 W. For the annealing, the
substrate was heated to 300 °C before leaving the sputtering
chamber, i.e., in-situ, and held there for three hours. During this
time the chamber was held at 1.5 mTorr using 25 sccm of
nitrogen gas at 5 mTorr. The following table specifies the
notation used for each sample according to these variables.

Table 1: Notation for samples according to the amount of inserted lithium and the heat

treatment.
V,0s target Li,O target Heat treatment
power (W) power (W)
LVO 90W T25 153 90 Not used (25 °C)
LVO 90W T300 153 90 Post-anneal 300 °C
LVO 120W T25 153 120 Not used (25 °C)
LVO 120W T300 153 120 Post-anneal 300 °C
V,05 153 0 Deposition at 300 °C
A thin-film solid-state battery (SSB) prototype was

fabricated using the same sputter tool, with a sequence of
shadow masks exchanged in situ, for all of the components of
the battery, with no exposure to atmosphere between layers.
On a 3-inch silicon wafer with 500 nm thermal SiO, layer, the
multilayer sputter deposition started with a Ti/Au layer as a
cathode current collector. Using a shadow mask to delineate
the cathode and electrolyte areas, LVO 120W T300 film was
deposited, followed by a LiPON deposition at 65 W and 1.5
mTorr. Another shadow mask was used to deposit 90 nm of
amorphous silicon at 90 W and 5 mTorr to be the anode and 100
nm of copper at 280 W and 3 mTorr was deposit to be the anode
current collector. After all of these deposition steps, a post-
annealing was done on the whole stack using the same
conditions described for the LVO process development. The
shadow masks were changed inside a low-vacuum pre-chamber
connected to the sputter tool, i.e., there was no air exposure at
any time during the deposition. 49 devices were patterned
successfully with confirmed reproducibility of electrochemical
measurements.

For the LVO samples, analysis was
performed using a beaker cell to check whether the samples
were electrochemically active in both the one and two lithium
voltage windows (from 2.6 to 4.0 V for one lithium and from 2.0
to 4.0 V for two lithium vs Li*/Li, respectively). Thereafter, cyclic
voltammetry (CV) and galvanostatic charge/discharge cycling
tests were done for the first three cycles of
charging/discharging to evaluate the capacity retention and
reversibility of the different LVO samples. The tests were done
using a two-electrode configuration in a beaker cell where both
counter electrode and reference electrode were an immersed
lithium foil from Alfa Aesar (99.9 %). The electrolyte was 150 mL

electrochemical
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of LiCIO4 in PC at 1 M concentration. These studies were
performed inside an argon glovebox connected to a BiolLogic
potentiostat. For the SSB prototype, all the testing was done in
a potentiostat connected to a probe station inside an argon
glovebox with a two-electrode setup. The silicon was connected
as the counter-electrode and the reference, while the LVO was
the working electrode. For CV measurements, the device was
cycled between +1.5 V and -0.2 V. The open-circuit voltage
(OCV) was measured as —-80 mV. For galvanostatic
charge/discharge cycling tests, a current density of 62.4 uA/cm?
(which corresponds to about 22C) was applied for 100 cycles.

For a qualitative analysis of their structure, a H-J-Y Raman
Microscope was used with a 633 nm laser source having a
measured power of 2.1 mW in Raman mode. For every
measurement, three 20 s acquisitions were averaged. XRD was
also done to analyze their crystallography, but no peaks were
located. SEM images in Figure S7 showed the film surfaces to be
uniform and homogeneous, though the unannealed films
exhibited a nanogranular structure that appears to have been
smoothed out by annealing. For characterization of surface
composition, a Kratos Axis Ultra DLD XPS system was used with
an aluminum monochromatic source. The quantification of the
surface composition was done using a high-resolution pass
energy of 20 eV and applying a Shirley background. All XPS
spectra were charge corrected with respect to the C 1s peak at
284.5 eV. For the depth profile analysis, a 5 kV Ar ion beam was
used with a Wien mass filter to repeatedly etch a region 2x2
mm?2. For the thickness measurements, a J.A. Woollam M-
2000D Spectroscopic Ellipsometer was used, and cross-sections
were made in a Tescan GAIA FIB/SEM for further confirmation
of the obtained values. Energy-Dispersive X-Ray Spectroscopy
(EDS) was operated at 20 kV and it was used to analyze
elemental composition of the SSBs.

Results and Discussion

Raman spectroscopy. It is commonly used in vanadium oxide
systems due its ability to detect structural variations that
correspond to lattice distortions during lithiation.32 LiV,0s
exhibits reversible phase transitions as the lattice is distorted.
The a-phase occurs at the initial Li-ion intercalation (x < 0.01),
where the V,05 structure is preserved. The g-phase (0.35 < x <
0.7), 6-phase (0.9 < x < 1) and y-phase (1 < x < 2) are LVO
varieties with increasing lattice distortion, in which the
reversibility of insertion/de-insertion of Li-ions from &-phase to
v-phase may not be completely maintained.33:3* Characteristic
vibrational modes of V,0s are in a frequency range of 100 to
1100 cm™.
Figure 2 presents Raman spectra of a crystalline V,05 thin
and the LVO films as-deposited, i.e., with no
electrochemical lithiation/delithiation. For the crystalline V,05
sample (Figure 2, spectrum a), a total of 10 vibrational modes
were found in this frequency range that are in accordance with
previous reports in the literature.323>36 The vibrations located
in the region between 520 and 1000 cm correspond to V-O
bond stretching modes. In this region, there are only 2
vibrations with well-defined peaks at 700 cm™ and at 996 cm™

film
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that correspond to the stretching mode of the doubly
coordinated oxygen shared at the corners of VOs square
pyramids, and the apical V-O bond, respectively. The weak peak
at 530 cm ! corresponds to the triply coordinated oxygen shared
at the edges of the square pyramid.

In the intermediate frequency region, between 200 and 500
cm, there are four peaks related to the bending vibrational
modes of the V-O bonds from the layers. Also, three peaks can
be identified at 114, 145 and 193 cm™ which correspond to
phonons of each V-O layer, i.e., lattice vibrations that do not
correspond to the interaction between different layers.3>37 This
spectrum suggests that there was a formation of only a-V,0s
with no other polymorphs. Some Raman peaks from VO, or
V6013 would be observed if there was an oxygen deficiency383;
however, their characteristic peaks were not seen for crystalline
V,05 thin film in this work.

The lithiated thin films showed different vibrational modes
across the spectrum. All the spectra here were acquired using
the same parameters to make clear conclusions, and an
extended laser beam exposure (360 times longer than was used
in Figure 2) did not alter the Raman spectra as it was observed
in other references in the literature.?94! Because the
signal/noise ratio observed in Raman spectroscopy depends on
the acquisition parameters like laser power and acquisition time
for lithiated V,05 samples, it is hard to find Raman spectra that
perfectly match the vibrational peaks and their sharpness. We
were able to match a powdered 6-V,05 phase with the spectrum
of LVO 120W T25 sample (Figure 2d) for all the peaks above 200
cm™,%0 which is a good indication that we have indeed produced
a lithiated vanadium oxide layer from the co-sputtering
method. The spectra shown in b and c are from samples
deposited at the same Li,O power, but they clearly have
different vibrations due to the annealing process. There are
some peaks located in the same frequency range observed for
crystalline V,05 thin film such as the peaks between 450 and
550 cm™ and the peak centered at 725 cm?, which shows a peak
shift and broadening to higher wavenumber when the lithium
content is increased.324243

On the other hand, significant changes are observed in the
high and low frequency ranges. The as-deposited LVO 90W T25
sample had no post-annealing step, and it showed more Raman
peaks than LVO 90W T300 (c.f. spectra b and c). More Raman
peaks correspond to more vibrational modes, which can
indicate a higher degree of lattice distortion in the sample with
no heat treatment. The same behavior can be seen for the two
LVO 120W samples (spectra d and e).

The peak close to 1000 cm™ is directly related to vibrations
in the interlayer spacing when lithium is inserted.3>37 The
lithiated films presented a significant increase in the intensity of
this peak with respect to the V,0s5 spectrum, along with a
considerable shift to lower frequencies. Also, there are multiple
peaks in the region between 900 and 1000 cm™ for all LVO
samples in comparison to the single peak from V,0s. It seems
that there are more peaks at higher wavenumbers for the
unannealed samples, which could indicate a random and
diverse degree of lattice distortion due to Li atoms sitting at
different sites.

4| J. Name., 2012, 00, 1-3

For the LVO 90W T25 sample (Figure 2b), the peak in this
region with the highest intensity is at 984 cm-?, while for LVO
120W T25 (Figure 2d), the most intense peak is at 944 cm™.
Since this region is directly related to the lattice distortion by
lithium insertion,** the difference in peak intensity and peak
position could be related to the location of the inserted lithium
ions, the amount of them in the structure and, therefore, the
different lithiated phases of V,05. The a, €, § and y phases have
their characteristic peaks in this region at 995, 982, 967 and 957
cml, respectively.?* Therefore, for all the fabricated LVO
samples there are peaks corresponding to more than one
phase. Since the LVO 120W T25 sample should have more
lithium than the LVO 90W T25 film, it is expected that the
lithium ions would occupy more locations. Also, there is one
peak at 875 cm™! for the unannealed samples (LVO 90W T25 and
LVO 120W T25, Figures 2b and d, respectively) that could
indicate the presence of V5013.38 The peak at 700 cm? shifted to
higher wavenumbers for all the studied LVO samples, but it
shifted more for the post-annealed LVO films, which support
the hypothesis that the lithium ions are in more
thermodynamically stable locations in the post-annealed
samples, causing the V-O bonds to be shorter. On the other
hand, the peak corresponding to lattice vibrations around 145
cm® only appeared in the unannealed samples (LVO 90W T25
and LVO 120W T25) as a small peak.

Therefore, three qualitative conclusions can be made from
this set of spectra: i) one contribution to the lattice disorder
comes from the lithium insertion; ii) although the post-anneal
step somewhat recovers the ordering of the layers (because of
the reduction of overall peaks), the improvement is not large;
and iii) these observations of the LVO systems show that there
may be a non-uniform lithium distribution in the LVO films,
having €-V,0s, 6-V,05 and y-V,05 phases coexisting.

Intensity (arb. units)

404 488 530

T ) T ] T ] v | T T
100 200 300 400 500 600 700 800 900 1000 1100

Wavenumber (cm™)
Figure 2: Raman spectra of as-deposited a) crystalline V205 thin film; b) LVO 90W

T25; ¢) LVO 90W T300; d) LVO 120W T25; and e) LVO 120W T300. These
measurements were taken before any electrochemical analysis.

X-Ray Photoelectron Spectroscopy (XPS). It was used to
analyze the surface composition of the LVO films after
deposition. The samples were exposed to atmosphere when

This journal is © The Royal Society of Chemistry 20xx
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transferring them from the sputter tool to the XPS equipment,
so carbon contamination on the surface was expected. Overall,
all the studied films presented a small amount of carbon at the
surface (less than 8 at %) except the LVO 90W T300 film, which
showed 17 at % of carbon. This is the first indication that the
surface of this specific sample is more reactive than the other
LVO films. C 1s and Li 1s spectra were taken for the LVO samples
to determine the full surface composition of the films. From the
results of C 1s spectra (see Table 2 and Figure S2a), all the
samples showed two chemical states of carbon. For the
annealed samples, there was an additional shoulder at higher
binding energies that increased the percentage of carbon on the
surface. With respect to the Li 1s region, all the samples showed
one peak at 55 eV (see Figure S2b).

Table 2: Surface composition of LVO samples quantified from XPS peaks and percentage
of carbon at the surface of them. The Open Circuit Voltage (OCV) in Volts was measured
during the electrochemical experiments and the thickness (in nm) of each film was
measured by ellipsometry.

LVO 90W LVO 90W LvVO 120W LvVO 120W
T25 T300 T25 T300
Surface Lig2V200s3 Liz0V200s3 Lig3V200s7 Lis4V2.006.
Composition
Composition
with Li,CO; Liz5V200359 Li16V2.0030 Liz V50051 Lis V20055
discounted
Carbon 6.3 17 4.2 8.1
concentration
(at %)
Open Circuit 3.26 3.42 2.46 3.16
Voltage (V vs
Li)
Thickness 280 225 506 232
(nm)

The surface composition of each film is presented in Table
2. The LVO 90W T25 and T300 films showed a similar V:O ratio,
with a slight excess of oxygen. LVO 120W T25 and T300 samples
have more oxygen and lithium on their surfaces, which indicates
that they might have a significant quantity of lithium carbonate
at their surfaces. Using the carbon amount calculated from the
peak at 286 eV, we subtracted the
contribution from the surface composition, shown in Table 2.
The LVO 120 W samples still show a very high amount of lithium
at the surface and a composition closer to V,0s. The LVO 90W
samples, however, had a smaller amount of lithium and

lithium carbonate

significant oxygen deficiency. This may be explained by a
reduced amount of O released from the Li,O at lower power,
and indicates that supplemental O, may be needed in the
sputtering atmosphere for this case. An XPS depth profile done
using a 100 nm thick LVO 90W T300 sample showed that a
portion of the lithium had diffused to the surface of the film and
to the substrate/film interface. This result is shown in Figure 3.
There was a non-uniform lithium composition throughout the
film thickness with a depth average composition of 1.7 mols of
lithium, which agrees with the composition calculated by
discounting the amount of lithium carbonate and with the

This journal is © The Royal Society of Chemistry 20xx
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conclusions from the Raman spectra about the coexistence of
different lithiated phases in the LVO samples. There was a
negligible carbon concentration throughout the film and a
carbon segregation at the surface (approximately 20 %),
possibly due to the cooling effect after annealing, and at the
bottom Au surface, which was air exposed prior to the LVO
deposition. The oxygen concentration followed the same trend
as the vanadium content.

100
g0 | 0O Au Substrate
{—@—V —d—Ti
— 80+ c
e —h—C —>—Si
2 ]
o 70-{—v—Li
o i
£ 60
8 -
= 50
2 i
L 40
g 30 ]
< ]
204
10
0 - A-TLI ey ﬂl_—-{l‘ LA A
0 25 50 75 100 125 150 175
Depth (nm)

Figure 3: Relative composition of LVO 90W T300 100 nm thick sample as a
function of depth. The composition was calculated from a XPS depth profile
analysis. The Si substrate was coated with 500 nm of SiO,, an adhesion layer of Ti
and 50 nm of Au.

Figure 4 presents the spectra for the O 1s and V 2p region.
Because of the proximity of their binding energies, a single
background was used. There is a doublet of the V 2p peak due
its spin-orbit splitting, and the relative intensity of the peaks in
this doublet is related to their degeneracy. There are two
contributions to the V 2p signal, which correspond to different
oxidation states. The larger peak is associated with V>* oxidation
state, at higher binding energies, while the peak corresponding
to the V4 state is located at lower binding energies. The
positions of the V>* and V#* peaks did not vary for different LVO
samples, but their relative intensities were changed. The
contribution of V4* oxidation state is significantly bigger in LVO
90W T300 sample than for LVO 90W T25.

The surface of the LVO 120W T25 film was similar to the
surface of LVO 90W T25, indicating that there are the same V
oxidation states as in the less lithiated sample, despite the
increase in distortion of the V-0 layers seen in Raman (Figure 2).
For the LVO 120W samples (with and without a post-anneal
step), a new peak in the O 1s region is observed. Since there are
more lithium ions in these samples, this could be unrelated to
the LVO structure, and indicative of the formation of lithium
carbonate (Li,CO3) or excess Li,O at the surface since its O 1s
binding energy is at 532 eV.*> The LVO 120W T300 sample
presented only a small contribution of the V4* oxidation state
on the surface which is unexpected given the large amount of Li
at the surface. One possible explanation for that could be that
the excess of lithium in this LVO sample, after the annealing
step, diffuses more to the surface and bonds with the oxygen;

J. Name., 2013, 00, 1-3 | 5
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hence, a considerable fraction of lithium ions that should have
been between the vanadium oxide layers forms Li,CO3, so the
V>* state is more predominant than the V** at the surface in this
case.

LVO 120w T300

V 2py,

LVO 120W T25

LVO 90W T300

Intensity (arb. units)

LVO 90W T25

515
Binding energy (eV)

540 535 530 525 520 510

Figure 4: High-resolution X-Ray Photoelectron Spectroscopy of LVO samples
showing the O 1s and V 2p region. The blue and green peaks correspond to oxygen
1s and vanadium 2p peaks, respectively. An XPS spectra from the V,05 sample
surface is shown in Figure S1 from Supplementary Information for comparison.

Electrochemistry. For the four different LVO samples, the
electrochemistry was evaluated by doing cyclic voltammetry
(CV) and galvanostatic charge/discharge measurements in a
beaker cell versus Li foil. The deposition time of the samples was
the same, but since the rate and density varied with sputtering
conditions, the film thicknesses are not equivalent. In addition,
a 200 nm thick V,0s film was also electrochemically cycled. The
open circuit voltage (OCV) of each film, presented in Table 2,
agrees qualitatively with the sputtering conditions: the higher
the used lithium oxide target power, the bigger the amount of
lithium in the sample, which lowers the OCV. A post-anneal step

6 | J. Name., 2012, 00, 1-3

may have allowed a fraction of lithium ions to diffuse to the
surface of the films, so the lithium content in the bulk is smaller
in the post-annealed samples, and therefore their OCV is higher.
The V,0s film in this work presented an OCV of 3.4 V vs Li/Li*,
which is the voltage of the unlithiated state.

The OCVs measured in each LVO sample are higher than
expected. From the XPS surface measurements, we would
expect to see OCVs below 3.0 V for every LVO sample. In
particular, LVO 90W T300 has the same OCV as the a-V,0s5
sample, even though both the Raman and the XPS results had
confirmed that this sample has lithium inside it. Interestingly,
the OCV follows the same trend as the oxygen deficiency level
found on their composition after subtracting the contribution
due to lithium carbonate (see Table 2). LVO 120W T25 showed
the closest composition to V,0s5, having the lowest OCV. LVO
90W T300 sample was the most oxygen deficient one, and its
OCV is the highest found on this set of samples. From
computational simulation of lithiation process in V,0s, it is
known that oxygen vacancies play a critical role in lithium-ion
diffusion.*® Depending on the oxygen site in the crystal
structure, an oxygen vacancy can increase the activation energy
of lithium-ion diffusion, which reduces the usable capacity of
the material during cycling. LVO 90W T300 had the same
amount of lithium inserted as the LVO 90W T25 sample, thus
the post-annealing also contributed to the formation of
unfavorable oxygen vacancies. Hence, the surface chemistry of
the samples was different, especially with respect to the
amount of oxygen vacancies, depending on the lithium oxide
amount using during deposition and the thermal treatment. An
important difference, though, is the voltage of the
electrochemical reactions. As we will see below, for the V,05
film the initial OCV is near the highest voltage of the
electrochemical reactions, whereas for the LVO 90W T300 film,
the initial OCV is actually below the voltage of the
electrochemical reactions, which shows that Li is saturated in
the film.

It isimportant to emphasize that, for these experiments, the
electrochemical cycling began by charging the cell up to 4.0V to
evaluate the extraction of lithium ions inserted in the co-
sputtering process. The samples were cycled under a constant
scan rate between 4.0 V and 2.6 V vs Li/Li*, and then
galvanostatic charge-discharge cycles were performed in the
one lithium insertion voltage window (2.6-4.0 V), as seen in
Figure 5. Two redox peaks were found at 3.2 and 3.4 V for the
V,05 sample, with corresponding plateaus that were observed
in the galvanostatic charge/discharge curves (Figure 5 a and b).
The capacity reached 109 mAh/g, which corresponds to 74 % of
the maximum theoretical capacity for one lithium insertion. A
possible cause for this capacity loss is the annealing
temperature of 300 °C: even though it is possible to form a-
V,0s, as the Raman spectra has shown, the degree of
crystallinity may not be very high. A V,0s film annealed at 500
°C provides a capacity closer to the maximum theoretical as it is
shown in Fig. S3, but here the V,05 film at 300 °C is used for
comparison with the LVO samples.

This journal is © The Royal Society of Chemistry 20xx

Page 6 of 13



Journal Name

lournal of:-Materials' Chemistry A

10.0 v T v T v T v T v T v T v T ¥ T v
a)
7.5
Lo 5.0
£
o
i 25
z
@ 0.0
[}
©
t 254
g
S
O 504
7.5 ¥:5
0.1 mV/s
-10.0 v T v T T T ¥ T v T v T v T v T T
24 26 28 3.0 3.2 34 3.6 3.8 4.0 4.
Voltage (V vs Li/Li")
15 T T T T T T T T
104
5
< ]
=
>
2 o
(0]
© -
€
o 5
5
(6]
- LVO 90W T25
LVO 90W T300
0.1 mV/s
_15 T T | T T T T T
24 26 28 3.0 3.2 34 3.6 3.8 4.0 4.
Voltage (V vs LilLi")
5 v T v T v T ¥ T v T v T v T v T v
e
2
=
2
‘@
=
[0}
©

ARTICLE

Both 90W samples showed decent electrochemical activity and

4.0

3.8+

3.6+

3.4

324 V,0,
9.5 pA/lcm’

Voltage (V vs Li/Li")

3.0 4

2.8 4

26

T T T T T T T T T T T T
0O 10 20 30 40 50 60 70 80 90 100 110 120 130
Capacity (mAh/g)
4.0

T T T T T T T T T T T
3.8 4
3.6 4
3.4 4
3.2 LVO 90W T25

LVO 90W T300
2
304 6 pA/cm

Voltage (V vs Li/Li")

2.84

26

AN N S R S R SN R SR SN BN BN SR R R R
0O 10 20 30 40 50 60 70 80 90 100 110 120 130
Capacity (mAh/g)

4.0

3.84

3.64

3.44

LVO 120W T25
LVO 120W T300

3.24

e (V vs LilLi%)
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e) CV of LVO 120W T25 (black) and LVO 120W T300 (orange), f) galvanostatic charge/discharge curves of LVO 120W T25 (black) and LVO 120W T300 (orange). Three
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done immediately after the CV cycles.
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good reversibility. For the LVO 120W samples (Figure 5 e and f)
there is a drop in the oxidative current after the first cycle, but
otherwise they show excellent stability. Except for the LVO 90W
T300 sample, the other LVO samples exhibit broad peaks in CV
and a continual slope in galvanostatic charge/discharge curves,
which is characteristic of a pseudocapacitive behavior. Those
broad peaks were stable under different scan rates as shown in
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Figure S4 for LVO 90W T25. The unannealed samples showed a
smaller capacity in comparison to the post-annealed ones. The
LVO 90W T25 sample had a discharge capacity of 70 mAh/g,
while the LVO 90W T300 film showed a discharge capacity of
101 mAh/g. Also, the LVO 120W T25 sample showed a capacity
of 55 mAh/g, and the LVO 120W T300 film showed a discharge
capacity of 114 mAh/g. The post-annealed samples showed two
sharp redox peaks at 3.52 and 3.64 V, which is a higher voltage
than the V,05 film in this work and higher than
electrochemically lithiated V,05 reported elsewhere.*247

The LVO 90W T300 sample has the most interesting
electrochemical results. From Figure 5c, it is possible to see that
there is an additional small redox peak located between 3.0 and
3.1V for both charge and discharge, which could be from either
a lithiation of another vanadium oxide polymorph or an
intermediate phase transformation of Li,V,05 that may have
occurred. The phase changes can be confirmed by the plateaus
observed in the galvanostatic charge/discharge curves (Figure
5d), for both charge and discharge processes. The LVO 90W
T300 sample’s discharge capacity is 93 % of the capacity from
the sputtered V,Os film. The LVO 120W T300 film showed a
capacity 104.6 % that of the V,05 sample. One hypothesis for
this unique behavior of the LVO 90W T300 sample in terms of
sharp electrochemical peaks and chemical composition from
the XPS is that the inserted lithium ions occupy the expected
sites in a lithiated vanadium oxide sample between the V-O
layers due to the diffusion of them during the post-annealing
step, while for the unannealed sample the lithium ions may be
occupying different sites that do not bound so well with the
oxygen.46

A similar study was done for the two-lithium insertion
window, shown in Figure 6. For this large voltage window, the
same samples were used. After the final discharge cycle
obtained in Figure 5, the LVO films were at a voltage of 2.6 V
and were then cycled up to 4.0 V with a constant scan rate (CV).
Hence, the samples had one lithium inserted at the beginning
of this second electrochemical study. For the V,05 sample, a
duplicate film, obtained from the same batch, was first cycled
in the one lithium voltage window. Then, the galvanostatic
charge/discharge cycles were performed starting at 2.6 V for
the two-lithium voltage window and stopped at the discharged
state. Following that experiment, a CV was done starting at 2.0
V. This sample still has the two redox peaks corresponding to
one lithium insertion at 3.2 and 3.4 V, but they are much less
pronounced in this two-lithium insertion window (Figure 6a). In
addition, the pseudocapacitive current is much larger than
before, and it is possible to see an additional oxidation peak at
2.65V, and two reduction peaks at 2.5 and 2.3 V. The capacity,
after the first charge/discharge cycle in this two-lithium window
(Figure 6b), was 273 mAh/g, which corresponds to 93 % of the
maximum theoretical capacity for V,0s in this voltage window.
It is still unknown why the relative capacity with respect to the
theoretical one is lower for one lithium insertion than for two
lithium insertion for the same sample.

The LVO 90W T25 sample, represented by the blue curves,
showed good stability in this larger voltage window with no
observed capacity drop through the charge/discharge cycles
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(Figure 6d). The capacity, however, is still very low in
comparison to the V,0s film. The LVO 90W T300 sample showed
much less stability in this large voltage window: the current
density was high during the first cycle, reaching up to 20
MA/cm?, but peak currents were reduced for the subsequent
cycles. This sample also showed two sharp redox peaks
corresponding to the second lithium insertion/extraction at
2.35 and 2.48 V (Figure 6c). There is a capacity loss during two
lithium insertion that was reproducible, as shown in Figures S5
and S6. A new LVO 90W T300 sample was produced and its
galvanostatic charge/discharge curves were taken in the two-
lithium insertion window without any previous cycling. It was
possible to observe the plateaus of phase changes for every
cycle, but there was also a capacity loss of 48 % between the
first and the third cycle in this case.

For the LVO 120W T25 and T300 samples, the reversibility
and the capacitive behavior remained even for the extended
voltage window down to 2.0 V (Figure 6e). The additional two
redox peaks located at 2.35 and 2.48 V observed in LVO 90W
T300 also appeared in the LVO 120W T300 sample and an
oxidation peak appeared between 2.8 and 2.9 V for both LVO
120W T25 and T300 films. The shape of the galvanostatic
charge/discharge curves indicates that, for these highly lithiated
samples, there was a phase transition before inserting the
second lithium ion that was reversible. In addition, there was a
small capacity drop after the first charge/discharge cycle, with
a capacity of 95 mAh/g and 222 mAh/g for LVO 120W T25 and
LVO 120W T300, respectively (Figure 6f). In comparison to the
V,0s, the LVO 120W T300 film reached 81 % of its theoretical
capacity.

This journal is © The Royal Society of Chemistry 20xx
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Post-cycling surface analysis in the two Li voltage window. The
capacity fading observed for LVO 90W T300 sample after
electrochemical cycling from 2.0 V to 4.0 V was unexpected,
given its sharp peaks in CV and good Raman intensity. In order
to understand this, Raman and XPS surface analysis were
performed on this film, and compared with the LVO 90W T25
sample which was much more stable under electrochemical
cycling. For this the samples were removed from the liquid
electrolyte, rinsed in propylene carbonate, and dried soon after

This journal is © The Royal Society of Chemistry 20xx

the end of the cycling shown in Figure 6d, after they had
reached 2.0 V vs Li.

Raman spectroscopy agrees in large part with the
electrochemical data from Figures 5 and 6 in that the LVO 90W
T25 sample appears deeply lithiated, while there has been little
change in the LVO 90W T300 sample. In Figure 7a, we see the
LVO 90W T25 sample has its structure modified after lithium
ions are inserted, as evidenced by the appearance of different
vibrational modes after cycling (spectrum Il) in comparison to
the as-deposited film (spectrum ). It is expected that a broader
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Raman peak appears in the 700 — 1000 cm™ range when V,0s
has two lithium ions intercalated in its structure.*3> In contrast,
the LVO 90W T300 sample showed very similar Raman spectra
before (lll) and after (IV) cycling. The LVO 90W T300 sample
showed an attenuation of a peak at 230 cm™ after cycling and
small peaks are seen at 360 cm?, 650 cm™, 800 cm™ and 815
cm™, Those small differences correspond to V-O vibration
modes from individual layers as previously described in the
Raman section, which may indicate that some structural change
occurred after cycling. Different lattice distortions yield to new
vibration modes, which can affect the diffusion lithium path and
the capacity retention of the material. On the other hand, the
sharp Raman signal from the LVO 90W T300 samples is
interesting, because it indicates a large amount of the as-
deposited LVO film is intact, despite the drop in capacity seen in
Figure 6¢c and d.

The XPS surface spectra corroborate the Raman results as
well, showing deep lithiation of the LVO 90W T25 sample and
that the structure of the LVO 90W T300 film is intact. In Figure
7b, XPS only shows Li,CO; at the surface of the LVO 90W T25
sample, which is to be expected because the sample was
exposed to air after electrochemical cycling, prior to XPS. The
complete coverage by Li,COs, combined with the structural
changes observed in Raman and electrochemical capacity, all
indicate a high degree of lithiation. For the LVO 90W T300
sample, the chemical composition of its surface presented in
Figure 7c shows a strong V 2p doublet besides the oxygen and
lithium peak, which implies much less coverage by Li,CO3; than
the LVO 90W T25 film. This XPS result is similar to the as-
deposited state, though with more C contamination (likely from
the cleaning process, rather than electrolyte, as no Cl is
detected). The lack of any visible Au or Si peaks (from the
substrate) implies that the film is still contiguous. While more
study is warranted, it seems that the decrease in capacity in the
LVO 90W T300 film may be related to its oxygen deficiency
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and/or the formation of a thick SEl, though why that is only
observed for these samples and not others remains unknown.

Solid-state battery prototype. The LVO 120W T300 was the
chosen condition to use LVO as a cathode material for thin-film
SSBs. The main objective on this part of the study was to prove
that the lithiation provided during the co-sputtering would
enable electrochemically active solid-state devices using a
lithium-free anode. We were able to produce SSBs and cycle
them, although the voltage window and therefore the energy
density are low, along with the discharge capacity. LIiPON was
used as the solid electrolyte, while amorphous silicon was
deposited as the anode. Au is the cathode current collector and
Cu is the anode current collector. All the depositions were done
in the same sputter chamber and with no air exposure between
any layers.

From Figure 8a, cross-sectional SEM image shows that the
interfaces are smooth, with a total device thickness of less than
1.2 um. EDS revealed that there is no distinction between the
amorphous silicon and copper layers, which indicates that there
is possibly intermixing at the anode side during annealing. Cyclic
voltammetry was done to evaluate the working voltage window
of the devices as shown in Figure 8b. Unfortunately, it was not
possible to increase the voltage higher than 1.5 V (vs Si) without
causing soft shorting, and a high current, so the measurements
were taken up to this value.

The lower voltage limit was set to the point at which no
redox peaks were observed. Since the Si is acting as the voltage
reference, it is important to note that the anode and cathode
are not capacity matched (the Si anode is too thick). Amorphous
Si typically reacts between 0.1 and 3 V vs Li,*850 but the Si is
likely not reaching 0.1 V vs Li when lithiated. In an extreme case,
our Si anode may only be cycling between 2 and 3 V vs Li, which
means that a very small fraction of lithium ions is inserted in the
silicon layer. Therefore, we expect the lower voltage cut off to
place the LVO cathode at 2 V vs Li, and the upper cut off to

This journal is © The Royal Society of Chemistry 20xx
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number. The analysis was done using a current density of 62.4 uA/cm?, which corresponds to a C-rate of 22C.

correspond to between 2.1-3.5 V, depending on the exact
lithiation state of the Si anode.

From Figure 8b, there are two broad reduction peaks at 0.25
and 0.9 V and a small oxidation peak at 1.4 V under a scan rate
of 1 mV/s. Under a 10 times slower scan rate, the broad peak at
0.9 V seemed to be made of two peaks at 0.93 and 1.17 V while
the peak at 0.25 shifted to 0.5 V. The oxidation peak is more
pronounced in this slower scan rate, and it shifted to 1.25 V.
Also, there is a small and broad oxidation peak at 0.92 V that
was not visible at faster scan rates.

The thin-film SSB was cycled at a constant current density to
evaluate its performance for fast charging and discharging, as
shown in Figure 8c. The discharge capacity is not high, starting
from 20 mAh/g and decreasing to 16 mAh/g after 100 cycles.
The lower capacity than expected can be attributed to a set of
factors, including the lower voltage window, the quality of the
anode/current collector layers, the excess of silicon for this
amount of charge provided by the LVO layer and possible
lithium trapping sites on the interfaces. A 20 % of capacity
fading was observed from the beginning to the end of cycling
under a fast C-rate (22C). In addition, the coulombic efficiency
was very stable after the first 20 cycles, reaching 99.8 % of
efficiency at the 100t cycle. Slower charge/discharge rates
were also tested for a reduced number of cycles, and the
capacity presented the same order of magnitude as cycling
under faster rates (see Figure S8). The solid-state device was not
able to store as large an amount of charge as it was expected
from the electrochemistry observed in Figures 5 and 6.

This journal is © The Royal Society of Chemistry 20xx

However, the SSB demonstrated that lithium-ions provided only
by the co-sputtering deposition can be transported under this
device configuration.

General Discussion

The co-sputtering procedure was confirmed as a very promising
fabrication process of pre-lithiated vanadium oxide film. The
independent control of the parameters of Li,O and V,0s targets
enabled the development of LVO samples with different
amounts of lithium concentration, at least to the composition
LiV,05 as confirmed by XPS and OCV measurements, with
distinct electrochemical behaviors.

The Raman spectroscopy showed that characteristic peaks
from the a-V,0s5 were found in the LVO films, but with more
vibrational modes. In general, unannealed samples showed
more Raman peaks in comparison to annealed samples, which
can be interpreted as a greater diversity of crystal structures
when there is no heat treatment step. Also, the high number of
peaks between 940 and 1000 cm indicate that the LVO
samples have different lithium concentrations.

The low surface reactivity found for the LVO 90W T300
sample on XPS analysis was confirmed by the unique
electrochemical behavior in a two-lithium insertion window,
where the capacity was drastically reduced when further cycled
with its structure mostly preserved, probably due to its intrinsic
oxygen deficient structure in comparison to the other studied
samples. The wunannealed films showed an inferior
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electrochemical activity with respect to capacity that could be
ascribed by the lower ordering in LVO structure. The post-
annealed films showed the same electrochemical peaks for
both one lithium and two lithium insertion windows. The redox
peaks for one lithium insertion, in particular, occurred at a
higher voltage than the V,0s5 film, thus the LVO samples can
provide a higher energy density. The LVO 120W T300 film
reached 81 % of the capacity of an electrochemically lithiated
V,0s film with similar thickness for both one and two Li insertion
windows.

This result confirms the success of the co-sputtering process
as an effective way to pre-lithiate a cathode material without
exposing the device to deleterious conditions, i.e., the
procedure is suitable for use in a continuous UHV process like a
thin-film solid-state battery involving only dry or vacuum based
processes. Continuous UHV processing is required for advanced
3D architectures such as multilayered stacks in which the
energy and power density of the device can be increased
without compromising the electrochemical activity of the
electrodes.

There have been other approaches in the literature to
deposit thin film lithiated electrodes involving other materials.
Lithium cobalt oxide and lithium manganese oxide are common
materials that were also deposited by rf-sputtering. Although
they can theoretically provide decent capacity at higher
voltages, they require a high degree of crystallinity that can be
achieved using heat treatments such as rapid thermal annealing
with temperatures greater than 500 °C and plasma
irradiation.>>® Those treatments, unfortunately, cause film
cracks and voids besides losing the control of the desired lithium
composition.® From a perspective of building a solid-state
battery, those procedures would be inappropriate since internal
short circuits could result from the cracks and high
temperatures may affect the subsequent deposited materials
(the solid electrolyte, the anode and the current collector).
Therefore, the development of the co-sputtered LVO as a dry-
method to lithiate vanadium oxide, using relatively low
temperatures during annealing, served as a motivation to build
thin-film solid-state batteries. Applications in microelectronics
require faster charge and discharge rates combined with
miniaturization of devices, so improvements can be done on the
fabricated devices to achieve better capacity with faster
charging.

Conclusions

In this work, a new route to develop pre-lithiated cathode
materials by co-sputtering was demonstrated. In this process,
films with different lithium concentration can be manufactured
in a simple way using two targets that are sputtered at the same
time. One major benefit of this process is the ability of
fabricating a cathode material in a complete dry process that
has a sufficient electrochemical activity to be used in solid-state
devices. Raman spectroscopy showed additional vibrational
modes in LVO samples that are not present in a-V,0s, specially
for higher wavenumbers, indicating LVO films with multiple
lithiated phases. This is further evidenced in XPS depth profiling,
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which showed the lithium concentration is not uniform in the
depth of the film.

As a consequence of such a structure that accommodates
lithium ions in presumably different chemical surroundings, an
interesting electrochemical behavior is observed. LVO samples
that did not have any post-annealing step showed a stable
capacitive behavior, while LVO films post-annealed at 300 °C
presented well-defined redox peaks for both one lithium and
two lithium insertion windows. The best electrochemical
performance was obtained for a film with high lithium content
and modest post annealing (LVO 120W T300), which had the
largest, stable capacity under cycling. Using this set of
conditions to lithiate a cathode layer from the deposition step,
a thin-film solid-state battery prototype was fabricated and
electrochemically tested. The capacity is lower than expected,
involving a 20 % capacity loss over 100 cycles under a faster C-
rate (22C) with near 100 % coulombic efficiency. Therefore, this
process can effectively fabricate pre-lithiated cathode
materials, such as lithiated vanadium oxide, but not limited to
it, that are electrochemically active for solid-state lithium-ion
batteries. The co-sputtering process can be further explored to
fabricate different cathode materials for Na and Mg-ion solid-
state batteries.
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