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ABSTRACT

We report the low resistance observed at the interface of LiNi;;3sMn;;3Co,,30, (NMC) and LizPO,. First, we show the deposition of
high-quality single-phase NMC (001) epitaxial thin films on Al,O; (0001) substrates using pulsed laser deposition. Controlling the oxi-
dation states of the three transition metals in NMC films is crucial for stable battery operation. However, in general, it is very difficult to
simultaneously control the oxidation states of three elements in vacuum deposition processes. Tuning the oxygen partial pressure and
temperature during deposition led to the growth of NMC thin films with ideal oxidation states (Ni**, Mn*", and Co>"), as confirmed
using bulk-sensitive x-ray excited optical luminescence. Next, using the NMC epitaxial thin films, we prepared solid-state batteries that
demonstrated stable operation and very low resistance at the solid electrolyte/electrode interfaces. These results provide insight into the
fabrication of multi-transition-metal electrode thin film materials, which are important for investigating the mechanisms of lithium bat-
tery operation. Furthermore, the low interface resistance indicates that Li;PO, and oxide electrode materials form very stable low-

resistance interfaces.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5133879

Although solid-state Li batteries have been attracting consider-
able attention, the electrochemical reaction at the electrolyte and elec-
trode interfaces is still not well understood.” LiNi,,sMn,3Co,,50,
(NMC) is known to exhibit excellent performance (high capacity, long
cyclability, and high energy density) compared to LiCoO,.” However,
the resistance of the solid-electrolyte and NMC interface has not been
fully studied. Investigations on interface resistance would lead to better
strategies for optimizing the capabilities for fast charging and dis-
charge of solid-state Li batteries.

For this purpose, epitaxial thin films of positive electrode materi-
als play an important role, as they can serve as a model electrode for
investigating interface phenomena between the electrodes and electro-
lytes.” Epitaxial thin films have well-defined surface areas, crystal ori-
entations, and interface structures, opening a way to evaluate the
interface resistance quantitatively via analysis of the electrochemical
impedance spectrum.’ Furthermore, the flat surfaces of epitaxial thin
films enable chemical reactions to be studied using state-of-the-art

characterization techniques.”” Although synthesis of single-phase
NMC epitaxial thin films has been reported,” '’ few studies have
addressed the crystallinity of thin films. The main difficulty in fabricat-
ing such films involves controlling the oxidation states of the three
transition metals. To achieve stable battery operation, the oxidation
states of the thin film NMC transition metals should be Ni>", Mn*",
and Co’". Tuning the oxidation states is difficult during physical
vapor deposition processes because the films are usually grown at oxy-
gen partial pressures (Po,) much lower than 10° Pa; it is quite difficult
to tune the oxidation states independently. In addition, control of cat-
ion ordering is of crucial importance for achieving stable battery
operation.

In this study, we report the low resistance at the interface of
Li3PO, and NMC epitaxial thin films. The (001)-oriented NMC epi-
taxial thin films were fabricated using pulsed laser deposition (PLD).
We carefully controlled the oxidation states of the transition metals by
tuning Po, and the substrate temperature (7). We used bulk-sensitive
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x-ray absorption spectroscopy (XAS) to probe the oxidation states
of the transition metals inside the NMC epitaxial films. These
measurements confirmed that the ideal oxidation states of Ni, Mn,
and Co were achieved in the films. Finally, we demonstrate low
solid-electrolyte/electrode interface resistances (10.2 Q cm?) and show
the stable operation of solid-state batteries fabricated using the NMC
epitaxial films.

Epitaxial thin films of NMC were synthesized using the PLD
technique. A KrF excimer laser (wavelength: 248 nm, pulse duration:
~20ns, repetition frequency: 5Hz, spot size: 0.039 cm?, and fluence:
0.7]/cm?) was used to ablate a polycrystalline target of Li, ,Ni; sMn;,
3C01/30,15 (Toshima Manufacturing Co., Ltd.). The laser intensity at
the target was monitored before growth.'' The target-substrate dis-
tance was approximately 47 mm. NMC thin films were deposited on
ALO; (0001) substrates (5 x 5mm? and 0.5mm thick) with a step
and terrace surface obtained by annealing the substrate at 1000 °C for
3 h in air. The values of T, and P, during NMC thin film growth
were varied in the ranges of 500-700°C and 10-100 mTorr,
respectively.

Thin film quality was evaluated by x-ray diffraction (XRD) using
a D8 Discover diffractometer (Bruker) equipped with a Ge (220)
monochromator and a Cu target (4 = 1.5406 A). Raman spectroscopy
(532nm excitation line; NRS-4100, Jasco) was used to identify the
impurities in the thin films. The chemical compositions of the NMC
thin films were determined by combining Rutherford backscattering
spectroscopy (RBS) and particle-induced x-ray emission (PIXE). To
investigate the oxidation states of the transition metal ions in the
NMC thin films, XAS measurements were performed on a photoelec-
tron spectrometer at beamline BL-2A MUSASHI of the Photon
Factory, High Energy Accelerator Research Organization (KEK). To
clarify the oxidation states of the NMC thin films, XAS spectra were
obtained in transmission mode using x-ray excited optical lumines-
cence from the AL, O; substrates (bulk-sensitive mode). The samples
were exposed to air during their transfer to the beamline. Ni L-edge,
Mn L-edge, and Co L-edge spectra were scaled based on the reported
values for the peaks with the maximum absorption intensities (~843,
~640, and 780 eV, respectively).12

We prepared thin-film batteries using the NMC epitaxial thin
films. The NMC thin-film batteries were fabricated using an in vacuo
process (the samples were never exposed to air),"” providing a clean
solid electrolyte/electrode interface. We used a LaNiO; epitaxial thin
film, deposited using PLD, as the current collector. Detailed descrip-
tions of the deposition of LaNiO; current collectors, Li;PO, thin-film
electrolytes, and Li negative electrodes can be found in our earlier
report.”* The thin-film battery performance was investigated using a
potentio-galvanostat (VSP, Bio-Logic SAS) under a base pressure of
107" Torr.

We compared the growth of NMC epitaxial thin films for two
different Po, values: 10 and 100 mTorr. Figures 1(a) and 1(b) show
the out-of-plane XRD patterns of the NMC films grown at
Po, =10 mTorr (thickness: ~90 nm) and 100 mTorr (thickness:
~60 nm), respectively. At all T (500, 600, and 700 °C) and Pp, val-
ues studied, NMC thin films with (001) orientation were synthe-
sized, as evidenced by the 00! diffractions attributed to the layered
rock salt structure (space group R3m) in the trigonal setting.
Furthermore, in-plane XRD measurements confirmed the epitaxial
growth of thin films (Fig. S1).
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FIG. 1. Out-of-plane x-ray diffraction (XRD) patterns of LiNi;3Mn43C04/30, (NMC)
thin films grown at various temperatures under partial oxygen pressures (Pog) of
(@) 10 mTorr and (b) 100 mTorr. (c) Substrate temperature (Ts) dependence of the
c-axis lattice constant for NMC thin films grown at Po, =10 mTorr (blue circles)
and 100 mTorr (red diamonds). The yellow triangle corresponds to the NMC thin
film annealed at 500 °C for 5 h under Po, = 100 mTorr after deposition of the film
at Pop =10 mTorr. The green inverted triangle corresponds to the NMC thin film
annealed at 480 °C for 5 h in air after deposition at Po, = 10 mTorr. The horizontal
dashed lines represent the typical reference bulk values for the c-axis lattice param-
eters. (d) Temperature dependence of the XRD intensity ratio of the 003 and 006
peaks (lnoaloos) of NMC thin films. The dashed lines represent the reported bulk
values for lyoa/loos-

The temperature dependence of the c-axis lattice constants of the
films deposited at Po, =10 and 100 mTorr is presented in Fig. 1(c).
For the NMC thin films grown at P, = 10 mTorr, the increase in T
from 500 °C to 700 °C led to a monotonic increase in the c-axis lattice
constant from 14.32 to 14.40 A. These values were larger than the ref-
erence bulk c-axis lattice parameters [typically 14.227-14.247 A, as
indicated by dashed lines in Fig. 1(c)],”"”"” suggesting that oxygen
vacancies were present in the films.'® Oxygen vacancies are known to
be unfavorable to battery operation.” It has been reported that anneal-
ing treatments are effective for enhancing the quality in LiCoO, epi-
taxial thin films by decreasing the amount of oxygen vacancies,'” and
accordingly, to reduce the amount of oxygen vacancies, we annealed
the NMC thin films.

Two types of annealing treatments (500 °C in Py, =100 mTorr
for 2 h and 480 °C in air for 5 h) were performed using identical sam-
ples grown at Po, =10 mTorr and T;=700°C. After annealing, the
c-axis lattice constants decreased to 14.20 A (annealed at Po, =100
mTorr) and 14.21 A (annealed in air). As the lattice parameters of the
NMC thin films after annealing were similar to those of the bulk, we
expect that the amount of oxygen vacancies decreased. However,
Raman spectroscopy revealed that the annealed films had impurity
phases, as discussed later.

Because oxygen vacancies were present in the as-grown films
deposited at P, = 10 mTorr and because impurity phases were found
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in the annealed films, we increased the Po, to 100 mTorr. In contrast
to the trend observed for the NMC films grown at Pp, =10 mTorr,
the c-axis lattice constants of the films grown at Po, = 100 mTorr only
exhibited a small T; dependence. The c-axis lattice constants were in
the range of 14.24-14.25 A, in good agreement with the reference bulk
values [Fig. 1(c)],"”""” suggesting that the formation of oxygen vacan-
cies was suppressed at Po, = 100 mTorr.

The degree of cation ordering in the thin films was evaluated
using the XRD intensity ratios of the 003 and 006 peaks (I593/Inos)-
The a-NaFeO, structure LiMO, (M represents a transition metal such
as Co, Ni, or Mn) has a highly ordered cation sublattice in which Li
and M ions occupy alternating {111} layers of octahedral sites in a
nearly cubic close-packed oxygen sublattice. The film quality degrades
when M ions occupy Li sites and vice versa; such disordering of Li and
M ions accompanies a transformation to a spinel or rock salt-like
structure.””*" Accordingly, the Ipgs/Ipes Values are a measure of cation
ordering, with a larger value indicating higher ordering.””

Figure 1(d) shows the Iyo3/Ipos Values for the synthesized NMC
thin films. For the films deposited at Po, =100 mTorr, the Iys/Inos
values increased as T; increased, reaching 17.6 and 20.9 at 600 °C and
700 °C, respectively. These values agree well with the reported refer-
ence bulk values [dashed lines, Fig. 1(d)].'***** Thus, a higher T; pro-
moted ideal cation ordering along with sufficient oxidation.

Next, the film quality was investigated using Raman spectros-
copy, which has a higher sensitivity to impurities than XRD. The
Raman spectra indicated that the NMC thin films grown at
T,=700°C and Pp, =100 mTorr were single phase. The spectrum
showed the NMC A, peak at 602 cm ! [Fig. 2(a)], matching well
with earlier reports on bulk samples.”” No impurities, such as Co3O4,
were observed in the as-deposited films.

In contrast, we observed an impurity phase in the annealed films.
The NMC thin film grown at T, =700 °C and Po, = 10 mTorr exhib-
ited a broad feature with a maximum peak intensity at ~581cm ™',
which could be attributed to the A;; mode of NMC with an expanded
lattice. Annealing this sample at 500 °C in Po, =100 mTorr for 2 h
induced the formation of Co;0,, as indicated by peaks in the Raman
spectrum at 528 cm ™' and 695 cm ™' [Fig. 2(a)]. The Raman spectrum
of the sample annealed in air at 480°C for 5 h also showed an

(a) [700°CT, ) (b)~ [e00°CT,
— Annealed =]
= in air v Poa o 100 mTorr Py,
S 480°C,5h 10 mTorr g
Annealed =
2 1100 mTorr Py, JomTorr 2
2 | s00°c X Q
S c
o) /\ £
E As-grown 10 mTorr =,
As-grown 100 mTorr 3
200 400 600 800 17 18 19 20
Wavenumber (cm™) 26(°)

FIG. 2. (a) Raman spectra of LiNij;3C013Mn4;30, (NMC) thin films. (Black) The as-
grown thin film fabricated at a substrate temperature (Ts) of 700 °C and an oxygen
partial pressure (Pog) of 10 mTorr. (Blue) The film after annealing at 500 °C and
Po, =100 mTorr for 2 h. The blue asterisks indicate the peaks of an impurity
[Co304; Fag (528cm™") and Aqq (695cm™")]. (Green) The film after annealing at
480°C in air for 5 h. The inverted triangle indicates the impurity phase. (Red) The
as-grown thin film fabricated at Ts =700 °C and Po, =100 mTorr. (b) XRD pattern
of the NMC thin film grown at T, =600 °C and Po, = 100 mTorr.
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impurity phase [492cm ™', Fig. 2(a)] although the CosO4 impurity
phase disappeared. This impurity may be either LiNi; ,Co,0, (x<1)
or LiNi;_,Mn,0, (y < 0.5).”**

The XRD patterns and Raman spectra indicate that a highly crys-
talline single-phase NMC thin film was obtained at T, = 600°C and
Po, =100 mTorr. The XRD pattern of this film showed a fringe indic-
ative of a flat surface [Fig. 2(b)], and the full width at half maximum of
the 003 diffraction peak in the typical rocking curve was 0.089° (Fig.
S1). The composition of transition metal ions, measured using RBS
and PIXE, confirmed that this film was LiNi,;,;Mn;;3Co, 30, (Fig. S2).

The oxidation states of the transition metals in the NMC thin
film grown at Ty=600°C and Po, =100 mTorr (thickness: 60 nm)
were investigated using bulk-sensitive XAS (Fig. 3). Each XAS spec-
trum exhibited two main peaks corresponding to the L, and L; edges,
which originate due to the transitions of 2p;, and 2ps,, core electrons
to an unoccupied 3d level. Sharp spectra were observed for all the tran-
sition metals of Ni, Mn, and Co in the interior, indicating ideal Nit,
Mn**, and Co®" states (Fig. 3). In contrast, when preparing an NMC
thin film (thickness=60nm) grown under a reducing condition
(T,=700°C and Po, =10 mTorr), we confirmed the coexistence of
Mn*" and Co®" in the NMC through XAS spectra (Fig. S3).
Therefore, we fabricated NMC epitaxial thin films with ideal oxidation
states.'”

Finally, we fabricated thin-film batteries using the NMC epitaxial
thin films. The batteries consisted of a LaNiOj; current collector depos-
ited on SrTiO5(111), an NMC cathode, a Li;PO, electrolyte, and a Li
anode. The fabrication methods are summarized in the supplementary
material (S4). Figure 4(a) shows charge and discharge curves over 20
cycles at the current density of 10 uA cm™2. Except for the first charg-
ing, charge and discharge curves overlap, indicating the good cycle
performance. However, the specific capacity after the 20th cycle
showed approximately 150 mAh/g, which was less than the theoretical
value (~200 mAh/g). Further research is required to identify the origin
of the low capacity.

Figure 4(b) shows cyclic voltammograms of the battery over 20
cycles. Oxidative and reductive current peaks corresponding to the
insertion/extraction of Li ions in NMC were observed. Although the
first cycle showed a larger current at 3.81V vs Li/Li", the cyclic vol-
tammograms obtained between the second and twentieth cycles over-
lapped consistent with charge and discharge curves, indicating
superior stability and repeatability during battery operation.

Figure 4(c) shows the impedance spectra at voltages of 2.5V vs
Li/Li" (discharging state) and 3.8V vs Li/Li" (charging state). In both
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FIG. 3. X-ray absorption spectroscopy (XAS) spectra of a LiNi;3Mn;,3C04,30;
(NMC) epitaxial thin film measured using the x-ray excited optical luminescence
technique. (a) Ni L-edge, (b) Mn L-edge, and (c) Co L-edge. The NMC thin film was
deposited at a substrate temperature of 600 °C and an oxygen partial pressure of
100 mTorr.
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FIG. 4. Performance of the Li (1 um)/Li3POy (250 nm)/LiNiy;sMn4;3C04/30; (40 nm)/
LaNiO3 (15.5nm)/SrTiO3 (111) thin-film battery. (a) Charge and discharge curves
over 20 cycles (current density: 10 uA cm~2). (b) Cyclic voltammograms over 20
cycles (scan rate: 1mV/s). (c) Nyquist plots of impedance spectra in the discharg-
ing state (2.5V vs LilLi*, blue diamonds) and the charging state (3.8 vs LilLi*,
red circles). The numbers indicate the corresponding frequencies (Hz). (d) Interface
resistance values (R)) at a variety of voltages.

the discharging and charging states, a clear semicircle was observed in
the high-frequency region (1 x 10° to 3 x 10° Hz). This semicircle was
assigned to the impedance of the Li;PO, electrolyte because this semi-
circle was observed in both charged and discharged states and because
the frequency range matched well with previous reports.'* Moreover,
the evaluated ionic conductivity of Li;PO, was 6.4 X 107 S/cm, which
agrees well with a previously reported value.””

In the charging state, another semicircle emerged in the fre-
quency range of 10°-10° Hz, shown as a red semicircle in Fig. 4(c).
This second semicircle originated from the Li;PO4/NMC interface
resistance, as the observed frequency range was consistent with our
previous studies of Li;PO4 ,N,/LiCoO, and LisPO,/LiNiysMn; 50,4
interfaces.'”'* The evaluated resistance and the capacitance of the
Li;PO/NMC interface were 10.2 Q-cm?® and 2 x 107 F, respectively
(simulation methods using an equivalent circuit model are described
in the supplementary material). This extremely low interface resistance
was comparable to those observed in our previous studies using
LiC00,,"*” LiNipsMn,; s0,"" and LiNiysC0,0,."” In addition, the
value was very close to that reported for liquid-electrolyte/NMC inter-
faces (>5 Q-cm?)”” and much smaller than that reported for solid-
electrolyte/NMC interfaces (>250 Q-cm?). 7!

Further, the interface resistances at a variety of voltages were
evaluated. Figure 4(d) shows the interface resistance values at a variety
of voltages. The resistances exhibited extremely large values greater
than 47 kQ cm® when the voltages were less than 3.6 V vs Li/Li* [blue
circles in Fig. 4(d)]. In contrast, the values dramatically decreased
ranging from 10.2 to 18.1 Q cm® between 3.8 and 4.5V vs Li/Li" [red
circles in Fig. 4(d)]. At these voltages, electrochemical reactions occur
with low interface resistances [Fig. 4(b)].

ARTICLE scitation.org/journal/apl

In conclusion, we synthesized high-quality NMC (001) epitaxial
thin films on AL, O5 (0001) substrates using PLD. The transition metals
in the thin films were in the ideal oxidation states of Ni*", Co>", and
Mn*". Using the high-quality NMC thin films, the Li;PO, and NMC
film interfaces showed low-resistance values, similar to LiCoO,,
LiNiysMn; 504, and LiNij gC0(,O,. These results indicate that the for-
mation of a low-resistance interface is universal for the combination of
Li;PO, solid-electrolyte and oxide electrode materials.

See the supplementary material for the XRD patterns and Raman
spectrum of the best quality NMC thin film on Al,O; (0001) (S1), RBS
and PIXE analysis of the NMC thin film (S2), XAS spectra of NMC
thin films (S3), fabrication methods for thin-film lithium batteries
(S4), and evaluation of interface resistances and capacitances at a vari-
ety of voltages through impedance spectra analysis (S5).
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