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ABSTRACT

In recent years, all-solid-state batteries (ASSBs) have been attracting attention as the next generation batteries for electric vehicles, energy
storage systems, etc. Despite the growing interest, there are still many challenges faced in the commercial use of ASSBs. One of the biggest
issues is the internal resistance, especially generated at the interface between solid electrolyte and electrode. The internal resistance at the
interface limits the charge-discharge cycling performances. In order to solve this issue, it is necessary to examine the chemical and physical
interactions at the interface. In this study, we have performed a detailed characterization of a LIPON/LiCoO, interface using time-of-flight
secondary ion mass spectrometry, x-ray photoelectron spectroscopy, ultraviolet photoelectron spectroscopy, and low-energy inverse
photoelectron spectroscopy to obtain information on chemical species, chemical compositions, chemical states, and energy band diagrams.
These powerful techniques have revealed that an interlayer between LiPON and LiCoO, was formed due to the temperature rise during the
manufacturing process. The temperature rise caused a change of the LiPON network structure and stimulated Co reduction in the LiCoO,
layer near the interface. Energy band diagram analysis suggests that the electron diffusion from LiPON to LiCoO, may have triggered the
reduction of Co. We concluded that the chemical changes that occur at the interface caused an increase in interfacial impedance. Preventing
the chemical reduction of Co would be a key to minimize the internal resistance. In this article, the detailed chemical interactions between

the LiPON and LiCoO, layers will be discussed.

Published under an exclusive license by the AVS. https://doi.org/10.1116/6.0001044

I. INTRODUCTION

Rechargeable lithium-ion batteries (LIBs) are widely used in
most mobile electronic devices such as laptops, smartphones, etc.
LIBs have been indispensable in our modern society. However,
using existing LIB technology in electric vehicle (EV) or plug-in
hybrid electric vehicle (PHEV) applications brings about a critical
safety issue because current, commercially available LIBs contain
combustible organic liquid electrolytes. Furthermore, because
organics in the electrolytes are very vulnerable to high tempera-
tures, the problem of thermal stability has also arisen.
All-solid-state batteries (ASSBs), in which all components including
electrolytes are solid, have recognizable safety and thermal stability
advantages, thus making them a feasible solution for these applica-
tions. Moreover, ASSBs are also significant contributors to

microdevice applications, such as smart-cards, medical implants,
and wireless sensors, which have become increasingly more
important technologies in recent years. For such reasons, the com-
mercialization of ASSBs is highly anticipated not only for large-
scale energy storage devices but also microdevices.'” However, the
internal resistance generated at the interface between the solid
electrolyte (SE) and an electrode is one of the biggest obstacles for
the practical use of ASSBs. This internal resistance restricts the
high-speed transport of Li ions during charging/discharging cycles.
In other words, the functionality of ASSBs strongly depends on the
properties at the SE/electrode interface. In order to reduce the
internal resistance, various types of surface modifications between
SE and cathode have been reported'® with subsequent Li ion
transport significantly improved upon charge/discharge cycles.
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Although numerous studies on the SE/electrode interface of ASSBs
have been conducted, the mechanism of increasing the interfacial
impedance is still unclear.” Therefore, further investigation on the
interactions between the SE and the electrode is required.

X-ray photoelectron spectroscopy (XPS) and time-of-flight
secondary ion mass spectrometry (TOF-SIMS) are commonly used
to characterize the chemical properties at the SE/cathode interface.
In addition to the chemical properties determined by XPS and
TOF-SIMS, information on energy levels of cathodes and SEs is
necessary for understanding the behavior at the interface because
the chemical reactions are greatly affected by their electrical charac-
teristics. Ultraviolet photoelectron spectroscopy (UPS) is a suitable
analytical method for determining the ionization potential (IP) and
valence band maximum (VBM) position with low sample damage.
However, obtaining an electron affinity (EA) and conduction band
minimum (CBM) position is challenging. SEs such as lithium
phosphorous oxy-nitride (LiPON) is often sensitive to electron
beam irradiation. Sample damage induced by the high-energy elec-
tron beam in scanning transmission electron microscopy (STEM),
or electron energy loss spectroscopy (EELS), has been reported.®™'’
For this reason, conventional high-energy inverse photoelectron
spectroscopy (IPES) can cause significant damage to such samples.
In contrast, low-energy inverse photoelectron spectroscopy (LEIPS)
having a low-energy electron beam (<5eV) is an effective method
to evaluate the energy band status for the materials that are sensi-
tive to electron beam irradiation.''~* The energy diagram obtained
by UPS/LEIPS enables us to predict the chemical state and chemi-
cal reaction of the SE/cathode interface.

In this study, the combination of TOF-SIMS, XPS, and UPS/
LEIPS was applied to characterize the interface between the LiCoO,
cathode and LiPON electrolyte to obtain information on chemical
species, compositions, chemical bonding states, and energy band
diagrams.

Il. EXPERIMENT
A. Sample preparation

In this study, a thin-film ASSB sample composed of a metal
lithium anode, LiCoO, cathode, and LiPON electrolyte was used.
LiCoO, is a commonly used positive electrode, and the chemical
stability of LiIPON makes it widely used as an oxide-based solid
electrolyte.''® A Pt/Ti layer was coated on the glass as a cathode
current collector (CCC), and LiCoO, was deposited on the CCC
surface using a radio frequency (RF) superimposed direct-current
(DC) sputtering. LiCoO, was annealed at 500 °C in air for 10 h for
crystallization. The LiPON film was prepared by RF sputtering at a
power of 2kW in a nitrogen atmosphere of 0.3 Pa using a Li;PO,
target having a deposition rate of ~15 nm/min. These manufacturing
processes were carried out using a multisputtering system
(SME-200], ULVAC Inc., Japan). The distance between the target
and substrate was 120 mm, and the maximum temperature during
LiPON deposition was recorded by temperature label (TEM-PLATE,
Palmer Wahl instruments, Inc.) attached to the substrate. Although
the cooling system was equipped under the substrate, the tempera-
ture was 200 °C within the 2-h deposition. Finally, the battery device
was completed by coating the metal Li anode, anode current collec-
tor, and a protective layer. In a previous study, the result of the
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FIG. 1. Cross-sectional SEM image from an ASSB sample prepared by FIB.
LiPON, LiCo0O,, CCC, and glass substrate were clearly identified.

electrochemical impedance spectroscopy (EIS) measurement sug-
gested that this device had an internal resistance at the LiPON/
LiCoO, interface.'”

Figure 1 shows a cross-sectional scanning electron microscopy
(SEM) image from a thin-film ASSB sample prepared by focused
ion beam (SMI-2050, Seiko Instruments Inc., Japan). The FIB
milling and polishing, using 30keV Ga®, was done with 5nA for
20 min and 1 nA for 10 min, respectively. In this study, a fresh thin-
film ASSB sample (no charge/discharge cycles, prior to deposition
of a Li anode) was used. The SEM image clearly identified the indi-
vidual layers. It was found that the thicknesses of the LiPON and
LiCoO, layers were 2.2 and 5.7 um, respectively. An examination of
the LiPON/LiCoO, sample was performed using TOF-SIMS, XPS,
and UPS/LEIPS.

B. Measurement conditions

Table I summarizes the detailed experimental conditions for
TOF-SIMS, XPS, and UPS/LEIPS. TOF-SIMS depth profiles were
acquired using a PHI nanoTOF II (ULVAC-PHI Inc., Japan)
equipped with a Bi cluster ion gun for analysis and an Ar ion gun
for sputtering. TOF-SIMS acquisition was performed using Bi3"
with the data collected in the positive ion polarity (+SIMS). The
base chamber pressure was less than 1 x 10”7 Pa. Mass calibration
of the TOF-SIMS spectrum was done with Li3, Li,O", and Li;O™".
Data acquisition and data processing were accomplished using the
SMARTSOFT-TOF and TOF-DR software (ULVAC-PHI Inc., Japan),
respectively.

XPS and UPS/LEIPS measurements were performed using a
PHI VersaProbe 111 (ULVAC-PHI Inc., Japan), which is a multi-
technique system that allows us to conduct in situ XPS and
UPS/LEIPS analysis and sample heating while at the same position
on a sample. The vacuum pressure in the chamber was maintained
at ~107% Pa. Details of the multitechnique system and data acquisi-
tion using UPS and LEIPS are described in Ref. 14.
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TABLE I. Summary of measurement conditions.

TOEF-SIMS
Analysis Ion species Biz*
Energy 60 keV
Ton current 3.6 nA (DC)
Raster size 50 x 50 um>
Charge neutralization 15eVe”
Sputtering Ion species Ar*
Energy 2keV
Ion current 800 nA
Raster size 300 x 300 yum?>
XPS
Analysis X-ray AlKo
Energy 1486.6 eV
Raster size 100 x 100 gm?
Pass energy 69 eV
Energy step 0.125eV
Charge neutralization leVe and 10eV Ar"
UPS
Analysis UV source Hel
Energy 21.2eV
Pass energy 1.3eV
Energy step 0.02 eV
LEIPS
Analysis Electron energy 0-5eV
Bandpass filter 3.7eV
Energy step 0.04 eV

The XPS data were collected using Al Ko radiation
(1486.6 V) with a pass energy of 69 eV, and the binding energy of
the XPS spectra was calibrated using Co 2ps,, from LiCoO, at
780.0eV.'® The energy band diagram analysis was performed in
combination with UPS/LEIPS. The He I line (21.2 eV) with a pass
energy of 1.3eV was used for UPS measurement. For the LEIPS
measurements, the spectra were acquired using the electron beam
with energies less than 5 eV, and the near-ultraviolet light emitted
from the sample surface was detected with a photomultiplier
through a bandpass filter. For XPS and UPS/LEIPS, spectra acquisi-
tion and data processing were carried out using the SMARTSOFT-vP
and muLrIpAK software (ULVAC-PHI Inc., Japan), respectively.

I1l. RESULTS AND DISCUSSION

A. TOF-SIMS depth profiling of the LiPON/LiCoO,
sample

Figure 2 shows the TOF-SIMS depth profile from the LiPON
surface to the glass substrate. In this study, the sputtering rate was
determined from the time to remove individual layers. The Li,PO}
ion is one of the main peaks of LiPON and is considered to be Li*
adduct with Li;PO,. No significant peaks containing nitrogen were
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FIG. 2. TOF-SIMS depth profile of the ASSB sample from the LIiPON surface to
the glass substrate. Bifurcation was observed in the LiCoO; layer.

observed. In the LiCoO, layer, the Co" intensity was observed to be
stepwise and the layer was able to be divided into two regions. The
positive ion spectra extracted from (a) LiPON, (b) low, and (c) high
Co" intensity regions were shown in Fig. 3, respectively. In the
region where the Co" intensity was low, Li;O" was relatively high.
In particular, Li;O" was localized in the LiCoO, layer near the inter-
face. The result suggested that there was an interlayer with a specific
chemical state near the LiPON/LiCoO, interface. Interestingly, no
distinct interlayer was observed from the 100 nm-thick LiPON/
LiCoQ, interface (Fig. 4).

Despite the very unique behavior observed at the 2.2 um-thick
LiPON/LiCoQO, interface, it was not observed at the 100 nm-thick
LiPON/LiCoO, sample. Next, the effect of the difference in the
thickness of the LiPON film on the chemical property of the inter-
face was investigated.

B. Chemical properties at the initial stage of LiPON
deposition

A 100 nm-thick LiPON/LiCoO, sample was heated in the XPS
chamber using the sample heating holder. The temperature of the
sample holder was controlled to be maintained at 200 °C for 2 h.
This heating condition mirrors the estimated substrate temperature
during the deposition of the 2.2um-thick LiPON film. After
heating the 100 nm-thick LiPON/LiCoO, sample, XPS measure-
ment was performed at room temperature. Figure 5(a) shows the
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FIG. 3. Positive ion spectra extracted from the depth profile shown in Fig. 2. (a) LIPON, (b) low, and (c) high Co* intensity regions.

XPS spectra of Li 1s, N 1s, P 2p, O 1s, and Co 2p;;, from the
100 nm-thick LiPON/LiCoO, surface before heating. Multiple
reports on the chemical state of LIiPON have appeared;'”™** O 1s
spectra from LiPON were assigned three components attributed to
P=0 (nonbridging oxygen), Li*—O—P (bridging oxygen), and
P—O—P (bridging oxygen). N 1s spectra were decomposed into
two different bonding states of nitrogen (—N= and —N<). These
components based on the LiPON network structure were observed
in this experiment. Although LiCoO, was covered with the
100 nm-thick LiPON film, 1.8% Co was detected on the surface
because the surface roughness of LiCoO, was ~100nm. The
TOEF-SIMS depth profile also indicated that Co was exposed on the
100 nm-thick LiPON/LiCoO, surface (seen in Fig. 4). Before
heating, the satellite derived from Co>* was still observed in the Co
2ps» spectrum, indicating that the chemical state of LiCoO,
remained after deposition of 100 nm-thick LiPON film. As shown
in Fig. 5(b), Co 2ps/, reveals the disappearance of the Co®* satellite
and the appearance of metal Co after heating. On the other hand,
the chemical state of Co remained Co®>" when the same heat

treatment was applied to the LiCoO, surface (data not shown).
These examinations reveal that some interaction occurs between
LiPON and LiCoO, during heating.

Table II shows the atomic concentration (%) of Li, N, P, O,
and Co obtained from XPS spectra of 100 nm-thick LIiPON/LiCoO,
surface. The concentration ratio of N/P was 0.49 and was nearly
unchanged before and after heating, while the O/P ratio increased
from 3.5 to 3.8; this suggests the incorporation of oxygen into
LiPON. Taking into account the decrease of P—O—P and increase
of P=0 after heating [see Fig. 5(b)], some of the bridging oxygen
was converted into nonbridging oxygen. Meanwhile, oxygen was
incorporated from LiCoO,. As a result, the Co reduction occurred
in the LiCoO, layer near the interface.

What this detailed chemical analysis reveals is that the differ-
ence in chemical properties between 2.2um- and 100 nm-thick
LiPON is a result of the temperature rise during the manufacturing
process. No obvious reaction between LiPON and LiCoO, occurred
during the 100 nm-thick LiPON deposition because the tempera-
ture rise was not enough to induce the interaction. On the other
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hand, with the 2.2 um-thick LiPON film deposition, the tempera-
ture rise altered the LiPON network structure. In the LiPON layer,
oxygen was incorporated from LiCoO,, stimulating the Co reduc-
tion from Co®" to Co®". It can be concluded that the change in the
chemical composition as well as the chemical state at the SE/
cathode interface may cause an increase in interfacial resistance.

C. Energy band diagram analysis

The UPS/LEIPS measurements were carried out to examine
the energy band diagrams of LiCoO, and LiPON surfaces. In this
experiment, a single layer of LiCoO, and LiPON was deposited on
CCG; the thickness of the films was 5.7 um and 100 nm, respec-
tively. The UPS/LEIPS spectra of LiCoO, and LiPON surfaces are
shown in Fig. 6. The obtained bandgap from the LiCoO, surface
was 2.4 eV, which correlated well with the reported experimental
bandgap of 2.1-2.7eV.”>"** For LiPON, the bandgap was 5.2 eV
and was slightly lower than the theoretical bandgap of ~6.0 eV.”>*’
Figure 7 shows the schematic diagram of each band structure rela-
10 b b N b beana e tive to the vacuum level. The results suggested that the electrons

0 0.2 04 0.6 0.8 in LiPON diffused into LiCoO, at the initial stage of the LiPON

Depth (um) deposition on LiCoO, because the Fermi level of LiCoO, was
lower than that of LiPON. It was possible that these electrons trig-
gered the Co reduction. Furthermore, the temperature rise might
stimulate the interaction between LiPON and LiCoO,. As dis-
cussed above, the reduction of Co caused the decomposition of

Intensity

FIG. 4. TOF-SIMS depth profile of the 100 nm-thick LiPON/LiCoO, sample. The
only difference from 2.2 um-thick LIPON/LiCoO, sample is the deposition time.
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FIG. 5. XPS spectra of Li 1s, N 1s, P 2p, O 1s, and Co 2ps, from the 100 nm-thick LiPON /LiCoO, surface (a) before and (b) after heating. XPS spectra of Li 1s, O 1s,
and Co 2p3, from the LiCoO, surface are shown in (c) as a reference.
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TABLE II. Atomic concentration of 100 nm-thick LIPON/LiCoO, surface before and
after heating.

Atomic concentration (%)

Electron affinity
2.8eV

Li1s P2p N 1s O1ls Co 2p
Before heating 24 15 7.3 52 1.8
After heating 24 14 6.9 53 2.8
TEEEENENI ERR RN PR R AN AN R RN AN FR NNl PN RN AR NN
@ ups LEIPS
lonization potential
5.3 eV ﬂ
:-@\ Electron affinity :
c 29eV '
5 ' s
o '
= i
G L
> Band gap g
‘0 2.4eV i3
o P ‘T
-+— <
= 'S
""'""I""""'I""'""I""""'II""""'I'":""'
6 4 2 0 -2 -4 -6
Energy relative to E. (eV)
ETENEEERI RN R RN RN AR FN NN SRR AN NN AN AR R RN NN FN NN NN NN
(b) : lonization potential :
8.0 eV :
UPS : LEIPS

Band gap
52eV

Intensity (arb. units)

Energy relative to E. (eV)

FIG. 6. UPS/LEIPS spectra from (a) LiCoO, and (b) LiPON surfaces.
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LiCoO,. If the temperature rise can be suppressed during the
LiPON deposition (for example, lowering the power of RF sput-
tering, strengthening the cooling system, or increasing the dis-
tance between the target and substrate), it may be possible to
prevent the Co reduction.

IV. SUMMARY AND CONCLUSIONS

A detailed characterization of the interface between the SE
and cathode was performed using surface analysis techniques such
as TOF-SIMS, XPS, and UPS/LEIPS for the investigation of the
internal resistance. The results can be summarized as follows:

(1) The LiCoO, layer was bifurcated after the deposition of a 2.2
pm-thick LiPON film.

(2) It was found that the LiPON network structure was changed
due to the temperature rise and LiPON incorporated oxygen
from LiCoO,. The oxygen incorporation stimulated the reduc-
tion of Co from Co’" to Co’*. It might further lead to the
decomposition of LiCoO,.

(3) The results of the energy band diagram analysis suggest that
the electron diffusion from LiPON to LiCoO, may have trig-
gered the reduction of Co. Furthermore, the temperature rise
likely stimulated the interaction between LiPON and LiCoO,.
Suppressing the Co reduction would be a key factor in mini-
mizing the internal resistance.

TOF-SIMS, XPS, and UPS/LEIPS have been shown to deliver
detailed information on ASSBs. Comprehensive surface analysis is
a critical method of material evaluation in further understanding
the interactions between the SE/electrode as well as improving
commercial production methods for better batteries.
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The data that support the findings of this study are available
from the corresponding author upon reasonable request.
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