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a  b  s  t  r  a  c  t

We  fabricated  all-solid-state  thin  film  batteries  based  on  well-aligned  slanted  LiCoO2 nanowires  by  glanc-
ing  angle  deposition,  as  a facile  template-free  method  in order  to increase  the  electrochemically  active
site, i.e.,  the  contact  area  between  the  solid  electrolyte  and  the electrode.  A  highly  porous  thin film  com-
posed  of  well-separated  slanted  LiCoO2 nanowires  not  only  facilitates  the  penetration  of  solid  electrolyte
phase  into  the cathode,  but also  alleviates  the  thermally  and  mechanically  induced  stresses  during  post-
eywords:
ithium ion battery
ll-solid-state thin film battery
lancing angle deposition
iCoO2 nanowire
lectrochemical performance

annealing  and  electrochemical  cycling.  The  all-solid-state  thin  film  battery  based  on  the well-aligned
slanted  LiCoO2 nanowires,  whose  contact  area  between  electrolyte  and  electrode  was  three  times as
high  as  that of  a dense  thin  film,  could  provide  additional  migration  pathways  for  lithium  ion  diffusion
due  to  the enlarged  reaction  sites.  This resulted  in  enhanced  electrochemical  kinetics,  thereby  leading  to
better  rate  capability  and  long-term  cyclic  stability  as  compared  to the  dense  LiCoO2 thin  film.

©  2017  Elsevier  B.V.  All  rights  reserved.
. Introduction

Considerable attention has been directed toward the develop-
ent of portable, wearable, and implantable lithium ion batteries

s future power sources, because of the increasing demand for small
lectronic devices, such as mobile phones, laptops, and microelec-
ronic biological/medical devices [1–3]. In order to commercialize

icroelectronic devices, it is necessary that the power sources, i.e.,
ithium ion batteries, are miniaturized to the micron-size range [3].
owever, traditional lithium ion batteries, which consist of liq-
id electrolytes, are bulky in size and have safety-related issues,

ncluding explosion/leakage of highly flammable organic solvents.
herefore, these are incompatible with micro-applications. On the
ther hand, all-solid-state thin film lithium ion batteries involv-

ng solid electrolytes, which excludes the use of hazardous organic
olvents, would be suitable for micron-sized batteries with design
exibility [4–6].

Despite their potential, the commercialization of all-solid-state
hin film batteries has been impeded by the low electrochemi-

al performance resulting from both the low ionic conductivity
f the solid electrolyte and the narrow electrochemically active
ites limited to the two-dimensional (2D) planar interface between

∗ Corresponding authors.
E-mail addresses: joosun@kist.re.kr (J. Kim), jmoon@yonsei.ac.kr (J. Moon).

ttp://dx.doi.org/10.1016/j.apsusc.2017.03.268
169-4332/© 2017 Elsevier B.V. All rights reserved.
the solid electrolyte and the electrode [7]. In particular, the cell
performance rapidly deteriorated during operation under high cur-
rent rate conditions above 3 C [8]. Many efforts have been made
to develop novel solid electrolytes with high ionic conductivity
(≥10−2 S cm−1) at room temperature, such as Li10GeP2S12 [9,10],
Li3PS4 [11], and Li4SnS4 [12], while the thickness of the solid elec-
trolyte was  reduced to below 1 �m to minimize the ohmic loss [13].
However, the sulfide-based electrolytes suffer from poor long-term
cyclability [14], and the use of a thinner solid electrolyte does not
induce significant improvement of electrochemical performance
because of dielectric breakdown associated with thin electrolyte.

As an alternative approach, increasing the electrochemically
active site, i.e.,  the contact area between the solid electrolyte
and the electrode, can boost the electrochemical performance of
all-solid-state thin film batteries. One-dimensional (1D) nanostruc-
tured electrodes can result in increased surface area, and hence,
increased contact area between the solid electrolyte and the elec-
trode [15], thereby facilitating the electrochemical reaction kinetics
and reducing the distance for lithium ion migration. There are sev-
eral reports of 1D LiCoO2 nanowire cathode thin films involved in
liquid electrolyte-based lithium ion batteries, demonstrating better
electrochemical performance than the 2D planar LiCoO2 counter-

part [16–18]. However, such 1D nanowire LiCoO2 thin films are yet
to be applied to all-solid-state thin film batteries.

Among the numerous available physical and chemical nanos-
tructuring methodologies, solution-based approaches such as the

dx.doi.org/10.1016/j.apsusc.2017.03.268
http://www.sciencedirect.com/science/journal/01694332
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mailto:joosun@kist.re.kr
mailto:jmoon@yonsei.ac.kr
dx.doi.org/10.1016/j.apsusc.2017.03.268


538 M. Yoon et al. / Applied Surface Science 412 (2017) 537–544

F
a

t
f
m
s
a
o
t
p
f
a
c
s
o
i
a
r
f
r
m

deposition, both samples were annealed at 700 C for 1 h in O2 flow
ig. 1. Schematic diagrams showing the geometrical configurations of the target
nd substrate in (a) conventional PVD and (b) glancing angle deposition.

emplate-assisted method or sol-gel process readily enables the
abrication of 1D nanostructured LiCoO2 thin films. However, these

ethods frequently require additional etching/post-annealing
teps. The resulting nanostructures may  be poorly dispersed and
ligned, making their application to reproducible mass-production
f 1D nanostructured LiCoO2 cathodes difficult. As a physical nanos-
ructuring approach, glancing angle deposition (GLAD), which is a
hysical vapor deposition (PVD) method, constitutes an alternative

acile template-free method. In this method, the morphology and
lignment of the nanostructures are simultaneously controlled by
hanging the geometrical configuration of the target and the sub-
trate placed in the deposition apparatus [19–22]. The key feature
f GLAD is that the target and the substrate surfaces are not aligned

n parallel, unlike the conventional PVD method, but obliquely,
s depicted in Fig. 1. During the deposition process, the particles
eleased from the target are obliquely incident to the substrate sur-

ace, followed by the formation of separated nuclei with shadowed
egions behind them. These shadowed regions cannot receive any

ore particles, as a result of which the nuclei form well-aligned and
Fig. 2. Schematic illustrations exhibiting the growth mechanism of well-aligned
slanted nanocolumnar structures during (a) the initial and (b) the subsequent stages
of deposition.

tilted nanocolumnar structures, i.e.,  arrays of slanted nanowires
(Fig. 2). Herein, we demonstrate the fabrication of well-aligned
slanted LiCoO2 nanowires cathode-based all-solid-state thin film
batteries, by the glancing angle deposition method. The resulting
nanostructure was analyzed and the all-solid-state thin film battery
was fabricated using well-aligned LiCoO2 nanowires as a cathode,
lithium phosphorus oxynitride (LiPON) as a solid electrolyte, and
Li metal as an anode. We  also compared the electrochemical per-
formance of the 1D nanowire LiCoO2 with that of the 2D planar
LiCoO2 thin film fabricated by the conventional PVD method. The
rate capability performance of LiCoO2 thin films with different mor-
phologies were also characterized in terms of the electrochemical
reaction kinetics at the interface between the solid electrolyte and
the cathode.

2. Experimental procedure

2.1. Fabrication of the all-solid-state lithium ion battery with
LiCoO2 cathode

Prior to the deposition of LiCoO2, a Pt film of 100 nm thick-
ness as a current collector was deposited on a sapphire substrate
(25 mm × 15 mm)  by DC magnetron sputtering under Ar atmo-
sphere at a gas flow rate of 50 sccm, and subsequently annealed
at 700 ◦C for 1 h. The LiCoO2 cathode thin film with an active area
of 6 mm × 6 mm was  deposited on the Pt-coated substrate at room
temperature about 20 ◦C by RF magnetron sputtering with a LiCoO2
target (LTS Research Laboratories, Inc., 2′′) under a working pres-
sure of 2.5 mTorr, and 100 W in Ar atmosphere. For the 1D LiCoO2
nanowire cathode, during the deposition process, the substrate was
placed at an angle of 50◦ with respect to the normal direction of the
LiCoO2 target surface, which can be defined as the incident vapor
angle, �, for glancing angle deposition configuration (see Fig. 1b).
While the 2D planar LiCoO2 cathode was  obtained at  ̨ = 0◦, which
means that the target and the substrate surface are aligned in par-
allel, i.e.,  conventional PVD method, as shown in Fig. 1a. After the

◦

to enhance the crystallinity of the LiCoO2 film. The weight of the
LiCoO2 active material was measured using an electronic micro
balance (MSE3.6P-000-DM, Sartorius, Germany).
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ig. 3. SEM images of surface (left side) and cross-sectional (right side) views of th
LAD  method.

.2. Characterization

The surface morphology and thickness of the LiCoO2 films were
bserved using scanning electron microscope (SEM, XL-30 E-SEM,
EI, Netherlands). Crystallographic information was  obtained by
-ray diffraction (XRD, D/MAX-2500, Rigaku, Japan) with Cu-K�

adiation. To confirm the penetration depth of the solid electrolyte
nto the LiCoO2 cathodes, elemental mapping was  carried out using
eld emission electron microscope (FEM, JEM-2100F, JEOL, Japan)
quipped with energy dispersive spectroscope (EDS). An electron-
ransparent specimen for the FEM images was prepared by focused
on beam (FIB, FIB-Quanta 3D, FEI, Netherlands) milling.

For electrochemical testing, a Ni current collector as a counter
lectrode was grown on the sapphire substrate by e-beam evap-
ration technique. Then, LiPON was deposited by reactive RF
agnetron sputtering using a Li3PO4 target (DNT Korea Co., Ltd.,

′′) at room temperature under a N2 gas flow with working pres-
ure of 5 mTorr. Finally, the counter electrode was deposited by
hermal evaporation using Li metal in an Ar-filled glove box. The

harge/discharge characteristics of the half-cell were evaluated
sing a battery test system (N174-HR, Toyo System Co., Ltd., Japan)
ver a potential range of 3.0–4.2 V at various current rates from
.1–10 C at an interval of 5 cycles. Long-term cycling of the half-
O2 films fabricated by different deposition methods: (a) conventional PVD and (b)

cell was  carried out at a constant current rate of 1 C for 400 cycles.
Electrochemical impedance spectroscopy (EIS, IM6ex Electrochem-
ical Workstation, Zahner Elektrik GMBH & Co. KG, Germany) was
also conducted in the frequency range of 1 MHz  to 20 mHz  with an
amplitude of 10 mV.

3. Results and discussion

The LiCoO2 film fabricated by the conventional PVD method
(i.e., sputtered at � = 0◦) has an almost fully-dense microstruc-
ture with tightly-packed vertical columns, as shown in Fig. 3a,
with a thickness of approximately 500 nm, while the LiCoO2 sam-
ple fabricated by the GLAD method (i.e., sputtered at  ̨ = 50◦)
exhibits a well-separated array of nanocolumns deposited on the
Pt current collector (see Fig. 3b) in which areal density of the
nanocolumns was  estimated to be 1.46 × 1010 cm−2 from image
analysis. The cross-sectional view of the sample fabricated by the
GLAD method clearly shows the nanocolumnar structured slanted
LiCoO2 nanowires that are formed due to the shadowing effect

[19–22]. Each nanowire has an average diameter and length of
58 ± 1 and 557 ± 3 nm,  respectively. The tilt angle  ̌ (see Fig. 1b)
between the nanowire columns and the normal to the substrate
is determined by the angle (˛) of incident vapor flux (50◦). Gener-
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ig. 4. XRD pattern of the well-aligned LiCoO2 nanowires deposited on the Pt current
ollector.

lly,  ̌ is smaller than ˛, following the empirical expressions for the
LAD method: the tangent rule (tan  ̨ = 2 tan  ̌ when  ̨ ≤ 60◦) or the
osine rule (  ̌ =  ̨ − arc sin [(1 − cos˛)/2] when  ̨ > 60◦) [22–24]. In
ur study,  ̌ was calculated as 31◦ using the tangent rule. However,
he measured value of  ̌ was ∼20◦ (Fig. 3b), 11◦ lesser than the
alculated value. In the sputtering system, the particles released
rom the target collide with the gas molecules, i.e.,  plasma ions,

hich are present between the target and the substrate, which
ikely deviates the trajectory of the flying particles [25,26]. Conse-
uently, the actual angle of incoming particles toward the substrate
ould be different from ˛, resulting in this discrepancy. Overall, the

iCoO2 thin film composed of well-aligned inclined nanowires has
 thickness of ∼500 nm,  with many empty interspaces between the
anowires, which not only facilitates the penetration of the solid
lectrolyte phase into the cathode for intimate contact, but also
lleviates the volumetric variation-induced stress that occurs upon
ycling.

The XRD pattern for the LiCoO2 nanowires is shown in Fig. 4.
here exists a very strong peak at 18.6◦ corresponding to the (003)
iffraction of crystalline LiCoO2 (JCPDS 44-0145), while other small
eaks at 37.4◦, 49.4◦, and 66.2◦ are attributed to the (101), (015),
nd (018) diffraction peaks, respectively. The LiCoO2 nanowires
btained from GLAD method were found to exhibit a preferred
rientation of (003). Since the layered-hexagonal nature of LiCoO2
etermines the direction of facile ion flow, which follows a nor-
al  direction to the basal plane of (001) [4,6,27], the lithium ions
ould suffer from sluggish diffusion in a perpendicular direction

o the LiCoO2 crystal plane when (003) is the preferred orientation.
his likely becomes worse in a dense LiCoO2 film with (003) pre-
erred orientation, impeding the reaction kinetics of lithium ions
nd in turn the performance of the all-solid-state thin film batter-
es. By contrast, our well-aligned slanted LiCoO2 nanowires readily
ermit the penetration of solid electrolyte particles of LiPON into
he empty interspaces between the slanted LiCoO2 nanowires. This
llows contact formation between the solid electrolyte and the
athode, not only at the top surfaces, but also at the lateral sur-
aces of the LiCoO2 nanowires. Therefore, despite the (003) oriented
iCoO2 nanowires, it is expected that the electrochemical kinet-
cs at the solid electrolyte/cathode interface improves due to the

nlarged reaction sites.

In order to verify the phase distribution of the LiPON solid
lectrolyte into the LiCoO2 cathodes, EDS elemental mapping was
erformed as shown in Fig. 5a–f. Detection of Co and P indicates the
ience 412 (2017) 537–544

presence of LiCoO2 and LiPON phases, respectively. In the dense
LiCoO2 thin film (Fig. 5a–c), the spatial distributions of Co and P
elements were clearly distinguished along the boundary region
between the LiCoO2 cathode and LiPON solid electrolyte, whereas
the well-aligned slanted LiCoO2 nanowires showed an obviously
different result (Fig. 5d–f). It was clearly observed that the solid
electrolyte phase covers both the top surfaces and lateral surfaces
of the LiCoO2 nanowires and the penetration depth of LiPON is
∼110 nm.  In order to elucidate the improvement in the contact
area between the solid electrolyte and the cathode, two different
thin film LiCoO2 cathodes with either dense planar structure or
nanowire arrays were investigated. As shown in Fig. 5g, the dense
LiCoO2 thin film has a 2D planar interface with the LiPON solid elec-
trolyte, and the contact area can thus be recognized as the active
reaction area of 0.36 cm2. Based on the observed nanowire mor-
phology, a schematic cross-sectional microstructure for the slanted
LiCoO2 nanowires in contact with LiPON is depicted in Fig. 5h. The
contact area of each slanted nanowire is represented by an oblique
cylinder with (1) hemispherical cap with the diameter of ∼58 nm,
(2) cylinder with a height of 71 nm,  and (3) slanted cut cylinder
with the height of 21 nm (Fig. 5i). The number of nanowires pre-
sented in the cathode active area of 0.36 cm2 is ∼5.4 × 109. Thus,
the estimated contact area of the well-aligned LiCoO2 nanowires is
∼1.08 cm2, which is three times as high as that of the dense LiCoO2
thin film. Thus, the GLAD method effectively increases the contact
area between the LiPON solid electrolyte and the slanted LiCoO2
nanowire cathode. Furthermore, the lateral surfaces of the LiCoO2
nanowires, which are normal to the basal plane, are exposed to the
solid state electrolyte for better lithium ion diffusion.

Fig. 6a exhibits the first discharge profiles of the well-aligned
slanted LiCoO2 nanowires under different current rates from
0.1–10 C in the voltage range 3.0–4.2 V. To show the electrochem-
ical performance of thin film lithium ion batteries, the volumetric
capacity is generally used with the assumption that the cathode
thin film has a dense rectangular shape. However, our sample
involved highly porous thin films, so the unit of specific capac-
ity was used. The nanowire-structured LiCoO2 thin film cathode
showed a typical voltage plateau around 3.9 V, indicative of the
Co3+/Co4+ redox couple. Specific discharge capacities at 0.1, 0.2,
0.5, 1, 2, 5, and 10 C are 97.3, 93.1, 88.7, 85.2, 81.0, 72.4, and
57.5 mAh  g−1, respectively. The rate capability of the well-aligned
slanted LiCoO2 nanowires was  compared with those of the dense
LiCoO2 thin films previously reported in literature [8] and prepared
by our group using conventional PVD method. As shown in Fig. 6b,
the capacity values as a function of different current rates were
normalized by the values measured at 0.1 C. The normalized dis-
charge capacities of both the slanted nanowire LiCoO2 thin film and
the dense LiCoO2 thin films decreased upon increasing the current
rate. It is anticipated that the nanowires cell would have a better
rate capability than the dense LiCoO2 thin film because the esti-
mated contact area of our sample is three times wider than the
dense LiCoO2 thin film, giving the higher areal density of electro-
chemically active sites. The nanowires cell manifests the superior
rate capability at all current rates as compared to those of our thin
film cell as expected. On the other hand, the normalized specific
capacities of the nanowires based cell below charging/discharging
rates of 2 C are similar, or slightly smaller as compared to those of a
previous work using LiCoO2 thin film. The similar or slightly lower
rate capability at moderately low current rates could be attributed
to the following conjectures; (i) facile formation of solid electrolyte
interphase (SEI) layers in the nanowire-structured LiCoO2 is highly
probable owing to the much higher specific surface area of the

nanowires and (ii) the charge transfer reaction does not prevail
the overall reaction kinetics of the electrochemical reaction at rela-
tively low current rates. These constraints are plausible considering
the facts that the enlarged interfacial area of the nanowires cell
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ig. 5. EDS elemental mapping images of the LiPON-deposited dense LiCoO2 thin fi
b)  and (e) distribution mappings of Co, and (c) and (f) distribution mappings of P. S
ifferent  electrode morphologies: (g) dense thin film cathode and (h) slanted nanow

nd similar high and low frequency polarization resistances (in the
ame order) are observed. The follow-up studies for the elucidation
f detailed reaction kinetics will be conducted in the near future.
owever, the normalized capacity of the dense LiCoO2 thin film

uddenly dropped at a high current rate above 3 C, and at 5 C the
ample showed a poor discharge capacity of 39% with respect to
he capacity measured at 0.1 C. On the other hand, the discharge
apacities of the slanted LiCoO2 nanowires at 5 and 10 C were 75%
nd 60%, respectively. In all-solid-state thin film batteries, a high
urrent rate means that a significant amount of lithium ions should
imultaneously pass through the thin films. Thus, the electrochemi-
al reaction kinetics at the solid electrolyte/solid electrode interface
ould determine the cell performance. In the case of the LiCoO2

anowires, the increased contact area between the LiPON solid

lectrolyte/electrode interface can provide additional migration
athways for lithium ion diffusion, resulting in enhanced electro-
hemical kinetics, and thereby yielding better rate capability than
d well-aligned LiCoO2 slanted nanowires: (a) and (d) cross sectional FEM images,
atics showing the cross sections of the LiPON-deposited LiCoO2 cathodes with two
cathode. (i) Enlarged the LiPON-deposited slanted nanowire cathode.

the dense LiCoO2 thin film. On the other hand, the Coulombic effi-
ciencies (CEs) of the dense LiCoO2 thin film and well-aligned LiCoO2
nanowires exhibit nearly 100% at all current rates of 0.1–10 C, as
shown in Fig. 6b (dotted lines).

The cyclability of the well-aligned slanted LiCoO2 nanowires is
depicted in Fig. 7a, where the current rates are gradually increased
from 0.1 to 10 C and then returned back to 0.1 C. At the initial con-
dition of 0.1 C, the nanowire LiCoO2 cathode thin film exhibited a
high specific discharge capacity of 97.3 mAh  g−1, which indicates a
high practical performance of 71.1% with respect to the theoretical
specific capacity of 136.9 mAh  g−1. The LiCoO2 nanowires showed
a moderate specific discharge capacity up to 2 C and then deliv-
ered specific discharge capacities of 71.9 mAh  g−1 and 59.4 mAh  g−1

even at high current rates of 5 and 10 C, respectively. At the final

condition of 0.1 C, the sample showed high capacity retention
of 92%, suggesting that the nanowire-structured LiCoO2 cathode
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Fig. 6. (a) Discharge profiles of the well-aligned LiCoO2 slanted nanowires with
various current rates from 0.1 C to 10 C. (b) Relative rate capability normalized by
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Fig. 7. (a) Cyclability of the well-aligned LiCoO2 slanted nanowires with various
he capacity value at 0.1 C for comparing the LiCoO2 slanted nanowires with the
ense LiCoO2 thin films and Coulombic efficiency vs. a current rate of 0.1–10 C for
he dense LiCoO2 thin film and the well-aligned LiCoO2 slanted nanowires.

hin film has low irreversible degradation during repeated lithia-
ion/delithiation under various current rates.

Fig. 7b shows the long-term cycling stability of the cells based
n the dense LiCoO2 thin film and the well-aligned slanted LiCoO2
anowires, in which the cycling behavior of a previously reported

iterature is plotted together for comparison [28]. All capacity val-
es are collected during the cycling at 1 C. Our LiCoO2 based cells
xhibit superior cycling stability than the previously reported one
egardless of microstructure of LiCoO2. After 100 cycles, the pre-
iously reported thin film cell represents the capacity retention of
2% of the one at the first cycle, which was attributed to thermally

nduced defects such as micro-cracks at the LiCoO2 cathode during
he post-annealing process [28]. On the other hand, the nanowire
nd thin film cells in this work shows the similar capacity reten-
ions of 89% and 88%, respectively, with an irreversible capacity
oss of 0.08% per cycle after 150 cycles of charging/discharging.
he nanowire cell maintains its cycling stability up to 400 cycles
ith similar degradation rate, whereas the capacity decrease rate

f the thin film cell gradually increases after 150 cycles, in turn, the
apacity is totally deteriorated to 5% of capacity retention after 400

ycles. The inferior long-term cycling stability of the thin film cell
an be attributed to insufficient damage tolerance to accommodate
echanical stresses during cycling, followed by the formation of

efects such as micro-cracks at the LiCoO2 cathode. This cycling
current rates from 0.1 C to 10 C. (b) Specific discharge capacity vs. cycle number for
the LiCoO2 cathodes with two different morphologies at the current rate of 1 C.

instability can be circumvented by nanostructuring of LiCoO2
cathode, which may  be due to the robustness of LiPON/LiCoO2 inter-
face by three-dimensional integration. In the well-aligned LiCoO2
nanowires, the thermally and mechanically induced stresses dur-
ing post-annealing and electrochemical cycling were alleviated due
to the well-separated slanted nanowire structures. This unique
nanostructure can act as a “stress reliever”, enabling the enhanced
cycling performance [15]. Consequentially, after 400 cycles, the
well-aligned slanted LiCoO2 nanowires showed high long-term sta-
bility with high capacity retention of 73%.

The EIS responses of LiCoO2 electrodes in a half cell configura-
tion consist of mainly three different polarizations: (i) polarization
due to the conduction of Li+ ions through solid electrolyte at high
frequency (∼10 kHz) (ii) interfacial polarization of the Li/solid elec-
trolyte interface at mid  frequency (∼1 kHz) (iii) charge transfer
polarization of LiCoO2 at low frequency (<100 Hz) [29,30]. In gen-
eral, the interfacial polarization of the Li/solid electrolyte is much
smaller than the other polarizations, which gives rise to the mani-
festation of two  distinct semicircles, rather than three [30]. Similar
to the previous works, Nyquist plots of the dense LiCoO2 thin film

and the well-aligned LiCoO2 slanted nanowires exhibit two clear
semicircles with Warburg-type blocking behaviors owing to the Li
ion blocking at LiCoO2 electrodes as shown in Fig. 8. Note that all EIS
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ig. 8. Nyquist plots of the dense LiCoO2 thin film and the well-aligned LiCoO2 slan
s-fabricated states. (b) Nyquist plots of the cells after 400 times of cycling.

easurements were conducted with fully lithiated LiCoO2 at 3.0 V.
he equivalent circuit fittings based on the polarization processes
escribed above fit well to the measured spectra as depicted in
ig. 8a (blue lines). The polarization resistances for the conduction
hrough LiPON electrolyte are similar for both samples consider-
ng the fitting error of 12.4%, which are 479 and 530 � for the
anowires and thin film based cells, respectively. This observation
learly shows that the ionic conductivity of LiPON layer for both
ells is nearly identical regardless of their electrode structure. On
he other hand, the charge transfer polarization resistance of the
anowires based cell is much smaller than that of the thin film cell.
he polarization resistance of the nanowires cell is 786 �,  while
hat of the thin film cell is 1689 �.  The superior charge transfer
inetics of the nanowires cell, i.e.,  much smaller charge transfer
olarization, can be conceived as the accelerated reaction kinet-

cs of the LiCoO2 nanowires assembly, which can be ascribed to
he increased electrochemically active sites upon the percolation
f LiPON phase into spacing between LiCoO2 nanowires.

After the 400 cycling in the voltage range of 3.0–4.2 V vs. Li/Li+,
IS responses of the nanowires and thin film cells vary dramati-
ally as presented in Fig. 8b. The high frequency polarizations by
i+ conductions through LiPON increase to 700 and 8800 � for the
anowires and thin film cells, respectively. The relatively small

ncrease in the high frequency polarization of the nanowires cell
mplies that the ionic conduction pathway of the nanowires cell
s preserved under the strain exerted by repeated cycling, which

ay  be attributed to the three-dimensionally connected LiPON and
iCoO2 by nanostructuring. Two-dimensionally connected LiPON
nd LiCoO2 thin films cannot endure the stress during cycling as
eflected by the huge increase in the high frequency polarization by

 factor of 16.6. On the other hand, the charge transfer polarization
t low frequency of the nanowires cell is augmented to ∼9400 �,
hich shows the disruption of LiPON/LiCoO2 interface. Because

he increase of the polarization resistance for ionic conduction
s not significant, the increase in the charge transfer polarization

ay  be impeded either by the disrupted LiPON/LiCoO2 interface
r the evolution of the SEI. The charge transfer polarization of the

hin film electrode manifests the catastrophic failure of the cell,
f which the low frequency polarization is above 80 k�.  In these
egards, it can be concluded that the LiCoO2 nanowires based cell
ffectively improves the charge transfer kinetics because of higher
nowires based cells. (a) Nyquist plots of the cells discharged to 3.0 V vs. Li/Li+ from

active reaction site and the long-term stability owing to its three-
dimensionally connected interface structure.

4. Conclusions

We successfully fabricated well-aligned slanted LiCoO2
nanowires as a one-dimensional nanostructured cathode by
glancing angle deposition to enhance the electrochemical perfor-
mance of all-solid-state thin film batteries. The well-separated
slanted LiCoO2 nanowires with empty interspaces between
the nanowires not only facilitates the penetration of the solid
electrolyte phase of LiPON into the LiCoO2 cathode, but also
alleviated thermally and mechanically induced stresses during
post-annealing and electrochemical cycling. Despite the (003)
oriented LiCoO2 nanowires, our slanted LiCoO2 nanowires showed
high discharge capacities of 75% and 60% at high current rates
of 5 C and 10 C, respectively, with respect to the initial capacity
measured at 0.1 C, owing to the enlarged contact area between
the LiPON solid electrolyte/LiCoO2 cathode. Moreover, after 400
cycles, the slanted LiCoO2 nanowires still retained a high capacity
of 73%, due to their “stress reliever” properties, arising from their
well-separated slanted nanowire structure. The electrochemical
performance of the all-solid-state thin film battery involving the
well-aligned slanted LiCoO2 nanowires is significantly enhanced
in terms of the rate capability and long-term cycling stability when
compared to the conventional dense LiCoO2 thin films.
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