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HIGHLIGHTS GRAPHICAL ABSTRACT
® Bottom-current-collector-free 4-V- A top-view picture (Left) and schematic cross section (Center) of a fabricated thin-film lithium batteries using
class thin film lithium batteries are LiNig gCog 20 epitaxial thin films. Right: Schematic side view of lithium-ion conduction across the interface
fabricated. between LiNig gCog 20, and LizPO,.

® LiNig gC0o 0, is selected because of
high electrical conductivity.

® A very flat LiNij gCog 20, surface with
a roughness of 0.44 nm was obtained.

® LiNig gC0o 20, thin-film batteries ex-
hibit stable operation.
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ARTICLE INFO ABSTRACT
Keywords: The decrease in the resistance at solid electrolyte and electrode interfaces has become a critical issue in the
Solid-state battery development of solid-state lithium batteries. To understand the ionic transport properties across solid electrolyte
LiNig 5C00.20 and electrode interfaces, thin-film batteries consisting of flat epitaxial films are of considerable importance.

Epitaxial thin film
Pulsed laser deposition
Interface resistance

Herein, we report the operation of bottom-current-collector-free thin-film batteries using LiNij gCo, 20> epitaxial
thin films. As the bottom current collector is not inserted between the substrates and LiNig gCog O, the surface
of LiNi gCoo 20> is very flat, with a surface roughness average of approximately 0.44 nm. This study proposes a
very flat electrode surface suitable for the investigation of interfacial phenomena at solid electrolyte and elec-
trode interfaces.

1. Introduction electrolyte and electrode interfaces. Accordingly, decreasing the inter-
face resistance has become a critical issue. Indeed, interface resistance

Solid-state lithium batteries are promising candidates for energy has been reduced by inserting buffer layers between sulfide electrolytes
storage devices because of their potential for enhanced safety and high and LiCoO, [3]; however, the reduction of the interface resistance re-
energy density [1,2]. However, the batteries have faced the drawback mains unsatisfactory. The understanding and control of interface re-
of a low power density originating from the high resistance at solid sistance remains inadequate despite the importance of fabricating low-
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resistance interfaces.

One approach for understanding the origin of interface resistance,
namely, understanding the ionic transport properties across solid-elec-
trolyte/electrode interfaces, is to use thin-film batteries consisting of
epitaxial films. This approach provides well-defined interface atomic
structures, surface areas, and crystal orientations, enabling quantitative
evaluation of interface resistance. We have reported an extremely low
interface resistance in LiCoO,/LisPO4,N, and LiNigsMn; 504/LisPO4
thin-film batteries and demonstrated fast charging capabilities [4,5]. To
further investigate interfacial properties, a flat, positive electrode sur-
face is desired. However, the roughness of the bottom electrode (metal
current collector), inserted between the positive electrodes and sub-
strates, hinders the achievement of flatter and better-controlled elec-
trode surfaces. Accordingly, to eliminate the bottom current collector,
depositions of highly electronically conducting positive-electrode ma-
terials are extremely important.

Herein, we report the growth of high-quality LiNig gC0¢ 205 (LNC)
epitaxial thin films using pulsed laser deposition (PLD) and demonstrate
the operation of a bottom-current-collector-free solid-state battery. LNC
is one of the most electrically conductive materials among positive-
electrode materials [6]; accordingly, we demonstrate the operation of
bottom-current-collector-free thin-film batteries. Films deposited on
Al,03(0001) substrates exhibit a surface roughness average (R,) of
0.44 nm. The resulting thin-film batteries using the epitaxial thin films
show very stable battery properties with a low solid-electrolyte/elec-
trode interface resistance. These results open opportunities for pre-
paring an ideal, atomically flat model electrode suitable for in-
vestigating ionic transport across electrolyte/electrode interfaces.

2. Experiment
2.1. Fabrication of LiNig gCop 20> epitaxial thin films

We used PLD to fabricate LNC epitaxial thin films. The details of the
PLD system were reported previously [7-9]. We employed a KrF ex-
cimer laser (wavelength 248 nm, pulse duration ~20ns) operated at
5 Hz to ablate a Li; 3Nig gC0¢ 20>+ s target (Toshima Manufacturing Co.,
Ltd.). Note that we increased the Li content by 30% to compensate for
the loss of Li during deposition. The typical spot size and laser pulse
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fluence at the target surface were 0.019 cm? and 1.39 J/cm?, respec-
tively. The laser intensity during growth was measured before deposi-
tion [10]. The target—substrate distance was ~47 mm. Thin films were
deposited onto Al,O3 (0001) substrates with a step-and-terrace surface
(5 x 5cm? and 0.5mm in thickness) prepared by annealing the sub-
strates at 1000 °C for 3 h in air. Substrate temperatures (Ts) and oxygen
partial pressures (Poz) during LNC thin-film growths were varied from
500 to 900 °C and 10-200 mTorr, respectively.

2.2. Characterization of LiNiy gCoy >0 epitaxial thin films

The structural properties of the thin films were characterized by X-
ray diffraction (XRD) (Bruker D8 DISCOVER). The thin film qualities
were evaluated using a Raman spectrometer with a 532-nm excitation
line (NRS-4100, Jasco Corp.), Rutherford backscattering spectroscopy
(RBS), and particle-induced X-ray emission (PIXE). The oxidation states
of Ni and Co inside the LNC thin films were measured using X-ray ab-
sorption spectroscopy (XAS) in the total electron yield (TEY) mode
using the sample drain current (surface-sensitive mode) and transmis-
sion mode using X-ray excited optical luminescence from the Al,O;
substrates (bulk-sensitive mode) at the beamline BL-2A MUSASHI of
Photon Factory, KEK. The samples were exposed to air during their
transfer to the beamline. Co L3 edge spectra and Ni L3 edge spectra were
scaled to the peaks at 780 eV and shoulder structures at ~855 eV, re-
spectively.

2.3. Fabrication and characterization of thin-film battery

For demonstrating battery performance, all the processes including
the fabrication and electrochemical characterization of the thin-film
battery were carried out using an all-in-vacuum fabrication and eva-
luation system [7]. The solid-electrolyte LizPO, thin film was deposited
on the LNC thin film at room temperature via PLD with an ArF excimer
laser (wavelength of 193 nm). A lithium-metal thin film was deposited
on the electrolyte via conventional thermal evaporation. Details re-
garding the deposition of LizPO4 and lithium are described in earlier
reports [7,11].
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3. Results and discussion

First, we discuss the growth of epitaxial thin films. Fig. 1(a) shows
the Ts-dependent structures of films deposited at Po, = 100 mTorr. Out-
of-plane XRD patterns of the films deposited at T; = 500-900 °C showed
peaks similar to the 003 and 006 peaks of LNC (layered rock-salt a-
NaFeO, structure (R3m)). Here, we temporarily assign the peaks at
~18.81 and ~38.17° as LNC 003 and 006, respectively. Notably, the
intensity of the 003 and 006 peaks strongly depended on Ts, and the
films deposited at T; = 600 and 700 °C showed sharp peaks.

To further optimize growth conditions, thin films were prepared at a
variety of T; and Pg, in the ranges of 500-900 °C and 10-200 mTorr,
respectively. We first focus on the peak intensity ratio of 003 and 006,
Ioo3/Ioos, Which is a measure of crystallinity. The a-NaFeO, type LiMO,
(M represents transition metals such as Co and Ni) structures have
highly ordered cation sublattices in which Li and M ions occupy alter-
nating {111} layers of octahedral sites. The film quality degrades when
M ions occupy Li sites and vice versa; this disordering of Li and M ions
accompanies a transformation to the rock-salt-like structure [12,13].
Accordingly, the Ipp3/Ioos Values are a measure of cation ordering; a
larger value indicates greater ordering. Fig. 1(b) summarizes the Po,
and T, dependence of Ipp3/Inoe Values. The values are the largest in films
deposited in the regions that satisfy T, = 600-650 °C and Py, = 100
mTorr.

Next, we focus on the c-axis lattice parameter, which is also a
measure of crystallinity. Fig. 1(c) shows the c-axis lattice parameters
depending on Pg, and T; The region between ¢ = 14.16 A (red curve)
and 14.18 A (orange curve) shows the c-axis lattice parameter similar to
that of the bulk reference, 14.1689 A [12]. The increase in T; led to the
monotonic increase in the c-lattice parameters for all Pg,. These results
could be interpreted as the formation of oxygen deficiencies in the LNC
thin films [14]. Moreover, such reductions presumably induced cation
disordering owing to the similar ionic radii of Li* (0.74 A) and Ni2*
(0.69 A); this is supported by the decrease in Ipp3/Ioos Values with an
increasing T, [15].

We further measured Raman spectra to investigate the presence of
impurity phases [Fig. 1(d)]. The samples deposited at T; below 700 °C
exhibited strong LNC signatures. The sharp peak at 560 cm ~* and broad
peak ranging from 430 cm ™! to 550 cm ™! were attributable to the Aqg
and E, modes of the layered rock-salt structure (R3m), respectively,
similar to the case for the LNC bulk reference [16]. We observed no
impurity phases such as Co304 or NiO. In contrast, the thin film grown
at T = 800 °C exhibited a single peak at 536 cm ~*, strongly suggesting
the growth of a rock-salt-structure LNC (Fm3m) [17].

Considering the Iyg3/Ipoe values, c-axis lattice parameters, and
Raman spectra, the best-quality LNC thin film was obtained at
Ts = 600 °C and Py, = 100 mTorr. For the films deposited at this con-
dition, we observed a Laue fringe around the LNC 003 reflection
[Fig. 2(a)] and the full width at half maximum of the rocking curve for
the 003 reflection was 0.0961° [Fig. 2(b)]. Fig. 2(c) exhibits the in-
plane XRD pattern along the Al,O3 [10-10] direction. The a-axis lattice
constant evaluated from the LNC 110 peak was 0.287 nm, which is in
good agreement with that of the bulk reference (0.28676 nm) [12].

The films had two domains rotated by 60° along the c-axis. Fig. 2(d)
shows azimuthal ¢ scans for LNC 113, LNC 104, and the Al,O5; 11-23
diffraction. The six-fold symmetry indicates that two types of domains
rotated by 60° were formed in the films. The in-plane epitaxial re-
lationships were Al,05(10-10)IILNC(2-10) and Al,05(10-
10)IILNC(110) for each domain. Similar domain structures were ob-
served as the anti-phase domains for a c-axis-oriented LiCoO, epitaxial
thin film on the step-and-terrace surface of Al,03(0001), with a typical
size of 100-1000 nm depending on the terrace width of the substrate
[18,19]. The surface roughness average R, of a 50-nm-thick LNC thin
film was ~0.44nm over 2 X Zum2 (Fig. 2(e)). This value is much
smaller than that of the LiCoO, thin films with Au bottom current
collectors reported in an earlier study (R, ~2.5nm) [4].
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We next investigated the transition metal composition for the best-
quality LNC thin film using RBS and PIXE and confirmed that the film
composition was LiNj gC0g 20,. Fig. S1(a) shows the energy spectrum of
backscattered ions for the approximately 250-nm-thick LNC thin film
along with the simulated spectrum for a 250-nm-thick LNC thin film.
Although the composition of Ni and Co could not be evaluated directly
using RBS because of the very similar atomic weights of Ni and Co, the
compositions of both Ni and Co were resolved using PIXE. Fig. S1(b)
exhibits the measured PIXE spectra along with the simulation results.
The results showed that the Co/Ni ratio was 0.26 + 0.05, indicating
that the film composition was LiNip gC0¢ 20>, as expected from the
target composition. Furthermore, the results indicated that Ni and Co
were distributed homogeneously in the films (Fig. S1(c)).

We now discuss the oxidation states. As high-temperature deposi-
tion often leads to the formation of lower valence states, controlling
oxidation states of Ni and Co is crucial in obtaining high-quality LNC
thin films. Fig. 3 shows XAS spectra for the 80-nm-thick LNC thin film
grown at Ts = 600 °C and Po, = 100 mTorr. The Co L3 edge spectra
showed peaks at 780 eV, as shown in Fig. 3(a). This strong absorption
originates from the Co 2p3,» (L3) state. This feature indicates that the
Co in the film interior was in the Co®* state [20,21]. Additionally, the
surface-sensitive TEY spectrum shows that the surface of Co exhibited
the same Co®* oxidation state as the interior because the TEY spectrum
did not show significant changes compared with the bulk-sensitive
transmission spectrum at a photon energy of approximately 780 eV
[22].

As expected, the bulk-sensitive transmission-mode spectrum in-
dicates that Ni was in the Ni®™" state (Fig. 3(b)). Accordingly, both Co
and Ni in the LNC epitaxial thin film showed a formal oxidation state of
3+, consistent with the ideal oxidation state [23]. Note that Ni ex-
hibited a distinct difference in the spectra between the surface and bulk.
Fig. 3(b) also shows Ni L3 edge spectra obtained in the surface-sensitive
TEY mode. For the surface-sensitive spectrum, the peak intensity at
~853 eV increased compared to the bulk-sensitive case. The results
indicate that Ni is reduced at the surface of the LNC thin film. We
speculate that the surface Ni was reduced upon exposure to air [23,24]
while transferring the sample to the beamline.

Next, the electrical conductivity of a 40-nm-thick LiNiggCog 202
(LNC) epitaxial thin film was measured using the four-probe method.
The LNC epitaxial thin film exhibited a conductivity of 0.67 S/cm at
300K, which was very close to that of a reported bulk sample (ap-
proximately 0.3 S/cm) [6].

Finally, we investigated the battery properties and evaluated the
solid-electrolyte/electrode interface resistance. After depositing the
LizPO, solid electrolyte and Li-metal negative electrode on LNC epi-
taxial thin films (T; = 600 °C and Py, = 100 mTorr), the fabricated
thin-film battery [Fig. 4 (a)] was transferred to an electrochemical-
property-measurement chamber without exposing the sample to air.
Therefore, the surface was free from the reduction caused by air ex-
posure. To the best of our knowledge, while the epitaxial growth of LNC
thin films has been reported previously [25], this is the first report on a
solid-state battery formed using LNC epitaxial thin films.

Fig. 4 (b) shows the CV curves for the resulting thin-film battery.
The voltage was swept at 1 mV s~ ! in the range between 3.0 and 4.2V
vs. Li/Li*. Oxidative/reductive (Ni**/Ni®**) current peaks corre-
sponding to the extraction/insertion of Li ions in the LNC were clearly
observed at 3.73 and 3.69 V, respectively. The current peaks were sharp
and the peak separations between the oxidative/reductive reactions
were very small, approximately 0.04 V. Furthermore, the CV curves
from the second to the fifth cycles overlapped, indicating superior
stability and repeatability in terms of the battery operations. Interest-
ingly, although the crystal orientation of the LNC thin films was un-
favorable for ionic transport across the interface between the LNC and
LizPOy4 electrolyte for the fabricated thin-film batteries, the LNC thin-
film batteries exhibited very stable battery operation. We speculated
that ions migrated through anti-phase grain boundaries, as illustrated in
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Fig. 4 (c). It has been reported that anti-phase boundaries with a per-
iodicity of 100-1000 nm are formed at the step edge of Al,O3 substrates
[19,26]. Therefore, the anti-phase boundaries may serve as ionic con-
duction paths to the interior of thin films.

Fig. 4 (d) shows the charge/discharge curves in the voltage range of
3.0-4.2Vat a variety of constant currents. A current density of
10 pA cm ™~ 2 corresponded to a rate of ~3.1C for the thin-film battery.
The thin-film battery demonstrated stable operation even at a high rate
of 250pA cm™2 (77C) with 30% of the discharge capacity being re-
tained for the rate of 3.1C at room temperature.

The impedance spectra indicate a low resistance at the LizPO4 and
LNC interfaces. Fig. 4 (e) shows the impedance spectra for potentials of
3.0 V (discharged state) and 3.8 V (vs. Li+/Li). At 3.0 V, a clear
semicircle was observed in the frequency range of 10°-3 x 10°Hz.
Because this semicircle was also observed in the impedance spectrum
obtained at 3.8V, the semicircle probably originated from the im-
pedance of the solid electrolyte, LisPO4. The ionic conductivity of
LisPO, estimated from the impedance spectrum was 3.6 X 10”7 Scm ™!

59

Photon Energy (eV)

(See supporting information), which agrees well with the reported
value [27].

As we could not observe a semicircle originating from the Li3PO,/
LNC interface resistance, it is reasonable to conclude that the interface
resistance was very small. Referring to our previous studies regarding
LizPO4.,N,/LiCoO, and LisPO,/Li(NigsMn; 5)O,4 interfaces, the semi-
circle associated with a solid-electrolyte/electrode interface should
emerge at approximately 10°-10%Hz [4,5]. These results indicate that
the interface resistance was too small to be detected; the semicircle
originating from the interface should be much smaller than that origi-
nating from LizsPO4. We speculated that the interface resistance was less
than 7 Qem?. Accordingly, in future work, we intend to employ other
solid electrolytes with higher ionic conductivity values or thin solid-
electrolyte films to evaluate the resistance of the Li;PO4/LNC interface.

4. Conclusion

We demonstrated the stable battery operation of a bottom-current-
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collector-free thin-film battery using highly conductive LNC epitaxial
thin films on an Al,O3 (0001) substrate. The flatness of the positive
electrode was largely improved by eliminating the use of bottom cur-
rent collectors. The semicircles originating from interface resistance at
solid electrolytes and electrodes were too small to be detected. The flat
electrode surface is expected to contribute toward understanding the
solid-state ionic phenomena at the interfaces of solid electrolytes and
positive electrodes.
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