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bstract

This paper proposes a new approach of using a spin-coated solid polymer electrolyte in the fabrication of an all-solid-state rechargeable thin-film

ithium battery with the cell structure of Li/polymer/LiMn2O4. Room temperature cycling of this cell showed comparable cycling performance and
ood Coulombic efficiency at the 6 C rate (100 �A cm−2). On removing the spin-coated solid polymer electrolyte after the cycle test, we observed
morphology change on the LiMn2O4 cathode surface using a field emission scanning electron microscope (FE-SEM). FE-SEM also showed that

here had been dissolution/precipitation of manganese species at the cathode/electrolyte interface during cycles.
2005 Elsevier B.V. All rights reserved.

tery;

r
p
(
i
t
d
a
b
l
a
a
f

r
W
L
o
a

eywords: Solid polymer electrolyte; Spin-coating; Rechargeable thin-film bat

. Introduction

Since Bates et al. [1] reported a rechargeable thin-film lithium
attery a decade ago, many researchers have engaged in efforts
o develop thin-film batteries (TFBs). TFBs could be poten-
ially applied to microelectronic mechanical systems (MEMSs),
mplantable medical devices, integrated circuits with self-power
ources, smart cards, and portable electronic devices [2]. Many
ypes of TFB and TFB fabrication techniques have been reported
1–7]. Most of these TFB types were based on amorphous
norganic electrolytes, such as lithium–phosphorus oxynitride
Lipon) [1,2], Li2O–V2O5–SiO2 [4,5], Li1.9Si0.28P1.0O1.1N1.0
LISIPON) [7], lithium–sulfur oxynitride (Lison) [8], etc. In
rder to deposit an electrolyte film several micrometers-thick,
esearchers have used conventional thin-film fabrication tech-
iques, for example: radio-frequency reactive magnetron sput-
ering [1–6,8], pulsed laser deposition [9], ion beam assisted
eposition [10], etc. While it is known that exact stoichiomet-
ic control is the most critical factor in obtaining ideal elec-

rolyte properties, this is not easy to implement and requires
hat the same operating conditions are maintained from batch
o batch.

∗ Corresponding author. Tel.: +82 2 880 7442; fax: +82 2 887 8791.
E-mail address: chpark00@snu.ac.kr (C.-H. Park).
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Manganese species

On the other hand, in the case of the ‘bulk’ battery, many
esearchers have attempted to fabricate all-solid-state lithium
olymer batteries (LPBs) using solid polymer electrolytes
SPEs) [11–15]. Unlike the gel-type polymer lithium ion batter-
es, all-solid-state LPBs ensure safety since they do not involve
he use of highly volatile liquids, but still achieve a high energy
ensity using metallic lithium [11,12]. The vast majority of these
ll-solid-state LPBs were fabricated by sandwiching the SPE
etween a lithium anode and a composite cathode. However, the
ow ionic conductivity of thick SPE and the poor interface char-
cteristics between the electrodes and the polymer electrolyte
re the main problems that prevent these all-solid-state LPBs
rom being manufactured [16].

In this paper, we propose a new approach of using SPE to fab-
icate an all-solid-state rechargeable thin-film lithium battery.

e spin-coated the polymer electrolyte directly onto a thin-film
iMn2O4 cathode and then deposited a thin-film lithium anode
nto it by conventional vacuum evaporation. By using an easy
nd simple spin-coating method, a SPE film with a thickness of
0–30 �m can be formed. This is thin enough to facilitate Li ion
onduction because the ionic conductivity of our SPE is about
0−4 S cm−1, which is two orders of magnitude higher than that

f Lipon, about 10−6 S cm−1 [17]. We anticipated that there
ould be a good interface between the spin-coated SPE and

he cathode film due to the absence of the detached area that is
sually formed in the general solid/solid sandwiching method.



wer Sources 158 (2006) 1442–1446 1443

B
d
h
T
i
n
t
c
p

2

L
t
l
d
L
d
f
r
i
T
T
f
w
c
a
o
(

(
(
S
a
t
w
t
o
a
b
d
t
(
2
s

d
e
r
s

W
b
h
c
c

i
a

w
i

3

fi
p
(
F
a
t
s
s
g
b
s

Fig. 4(a) shows the room-temperature charge–discharge
curves of the cathode film with a liquid electrolyte and a
lithium metal anode. The half-cell was cycled at a current
density of 100 �A cm−2, which is equivalent to the 6 C rate,
C.-H. Park et al. / Journal of Po

ecause the polymer electrolyte was spin-coated and dried
irectly on the cathode film, the cathode/electrolyte interface
ad better adhesion than the sandwiched solid/solid interface.
he evaporation method also yielded a contamination-free

nterface between lithium and SPE with good adhesion. We
ot only investigated the electrochemical characteristics of our
hin-film LPB, but also observed the morphology change of
athode film after the cycle test owing to the fact that with a
roper solvent, it is possible to remove the SPE film easily.

. Experimental

The thin-film cathode samples were deposited from a 5.08 cm
iMn2O4 ceramic target by radio-frequency magnetron sput-

ering on a Pt (200 nm)/TiO2 (10 nm)/SiO2/Si wafer. The Pt
ayer served as a current collector and the TiO2 layer was
eposited for good adhesion between the Pt and SiO2 layer. The
iMn2O4 target was fabricated in house from LiMn2O4 pow-
er (Aldrich), which was cold pressed and annealed at 1000 ◦C
or 5 h in air. Films of 0.2–0.3 �m thick were deposited at the
ate of 3–10 Å min−1 in Ar + O2 processing gas. The process-
ng pressure was 10 mTorr and Ar:O2 mixture ratio was 10:1.
he substrates were heated to 300 ◦C during the deposition.
he deposited samples were annealed at 750 ◦C for 2 h in a

urnace with an oxygen atmosphere. The cathode thin-films
ere characterized by X-ray diffraction (XRD), FE-SEM and

harge–discharge cycling of a half-cell with a lithium metal
node and a liquid electrolyte. The liquid electrolyte was 1 M
f LiPF6 in ethylene carbonate (EC)/diethyl carbonate (DEC)
1/2, v/v) provided by Samsung Cheil Industries Inc.

The SPE was obtained by combining poly(ethylene oxide)
PEO, Aldrich, molecular weight = 1,000,000 g) with LiClO4
Aldrich). The PEO/LiClO4 concentration ratio was 18/1. The
PE was prepared according to the following procedures. First,
proper amount of LiClO4 was dispersed in acetonitrile, and

hen PEO polymer component was added. Next, the mixture
as stirred for 3 days at 70 ◦C into the resulting slurry. We con-

rolled the viscosity of the slurry by evaporating some amounts
f acetonitrile. The slurry was spin-coated onto the cathode films
nd the solvent was allowed to evaporate in an argon-filled dry
ox for 24 h at room temperature. The spin-coated films were
ried under vacuum for another 5 h at room temperature. The
ypical spin speed was about 3000–5000 revolutions per minute
rpm). These procedures yielded SPE films with a thickness of
5–30 �m, according to the viscosity of the slurry and the spin
peed.

After the SPE films were produced, a lithium metal film was
eposited onto the spin-coated SPE by the conventional thermal
vaporation. To form an electrical contact to the Pt layer, we
emoved an edge part of SPE film with a razor blade. The rough
ketch of the cell structure is shown in Fig. 1.

The TFB was cycled in an argon-filled dry box with
BCS3000 (WonATech), battery cycler system. We charged the
attery to 4.4 V at a constant current density of 100 �A cm−2,
eld it at this potential for 1 min and then discharged it at the same
urrent density until the cell voltage reached 3.3 V. The electro-
hemical impedance characteristics of the TFB were measured
Fig. 1. Schematic cross section of a thin-film lithium polymer battery.

n the frequency range of 10 and 2 MHz at the open circuit volt-
ge of 4.0 V with IM5d (Zahner) system at room temperature.

In order to observe the surface morphology of LiMn2O4 film
ith FE-SEM after the cycle test, the lithium and the SPE films

n the TFB were removed by washing with acetonitrile.

. Results and discussion

Fig. 2 shows the XRD scan for deposited LiMn2O4 cathode
lm after being annealed in a furnace at 750 ◦C for 2 h. This XRD
attern of annealed film matches the JCPDS file for LiMn2O4
no. 35-0782) and shows good crystallinity. Fig. 3 shows the
E-SEM image of deposited LiMn2O4 film (a) before and (b)
fter the furnace annealing. Fig. 3(a) illustrates partially crys-
allized LiMn2O4 grains that must have grown at the deposition
tep due to the heating of the substrate to 300 ◦C. The average
ize of grains was initially about 70 nm but can be seen to have
rown to an average size of 80 nm after annealing. The grain
oundaries became more distinct after the furnace annealing as
een in Fig. 3(b).
Fig. 2. X-ray diffraction pattern of LiMn2O4 film.
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Fig. 4. The charge–discharge characteristics of (a) Li/liquid electrolyte/
LiMn2O4/Pt cell and (b) Li/solid polymer electrolyte/LiMn2O4/Pt cell, showing
the 1st (solid line) and 100th (dashed line) cycle measured at the current density
of 100 �A cm−2 between 4.4 and 3.3 V.
ig. 3. FE-SEM images of LiMn2O4 film surface (a) as deposited at 300 ◦C and
b) after furnace annealing at 750 ◦C for 2 h in O2 atmosphere.

etween 4.4 and 3.3 V. The dimension of the cathode was
mm × 5 mm × 0.28 �m. The discharge occurred at a nearly
onstant potential of 4.12 V and 3.97 V. There was only a capac-
ty loss of 4% up to the 100th cycle and the average Coulombic
fficiency was 85%. This excellent cycling performance indi-
ates that our cathode samples were well fabricated.

Fig. 4(b) shows the room-temperature electrochemi-
al behavior of the all-solid-state rechargeable thin-film
i/polymer/LiMn2O4 battery. The TFB was cycled under the
ame conditions as the liquid cell in Fig. 4(a). The first dis-
harging capacity was 53 �Ah cm−2 �m−1, which corresponds
o 0.83 Li per mole of Mn2O4. The discharge capacity of the
ell decreased slowly to 85% of the initial capacity by the 100th
ycle. The average Coulombic efficiency was 93%, which is
uch higher than that of the liquid electrolyte. This shows that

he spin-coated SPE is electrochemically more stable than the
iquid electrolyte.

Fig. 5 shows the Nyquist plot of the solid cell after the 1st
ycle and the 100th cycle at the open circuit voltage of 4.0 V.

y using the impedance data, we calculated the ionic con-
uctivity (σ) of the spin-coated SPE. It was calculated from
= (1/R) × (d/A), where d and A are the thickness of the polymer

lectrolyte and the area of the cell, respectively. R is the estimated
Fig. 5. Nyquist plots obtained from Li/solid polymer electrolyte/LiMn2O4/Pt
cell at open circuit voltage (OCV) of 4.0 V measured after 1st and 100th cycle.
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eal impedance value, Real(Z), at the near-infinite frequency,
hich represents the serial resistance of the typical equivalent

ircuit [18]. The impedance spectra consist of two arcs in the
igher and lower frequency ranges. The arcs may correspond to
he reactions at the Li/SPE interface and SPE/LiMn2O4 inter-
ace. While it needs more in-depth measurement and analysis
o discern which of the arcs corresponds to the Li/SPE interface
nd which to the SPE/LiMn2O4 interface, the increase of both
rcs’ radius after 100 cycles shows that the interfacial resis-
ances of both interfaces increased during the cycle test. The
alculated ionic conductivity, however, remains nearly constant
nd the value is 1.2 × 10−4 S cm−1, which is within a relatively
igh range, compared with the reported conductivity values
19].

Fig. 6(a) shows the FE-SEM image of the LiMn2O4 surface
fter 100 cycles in the liquid electrolyte cell. Compared with
ig. 3(b), the average size of grains is reduced to about 60 nm.
his proves that manganese ions were dissolved during the cycle
s reported [20,21]. Myung et al. [22] even observed the disrup-
ion of the spinel LiMn2O4 particles due to the dissolution of
anganese ions, when Li+ ions were inserted into the particles.
ig. 6(a) also shows that the LiMn2O4 grains connected together
o form a big cluster of particles (which is indicated by the arrow
nd one-dot chain line), implying that there is a re-attachment
f manganese species that were previously dissolved during the
rocess of intercalation or deintercalation.

ig. 6. FE-SEM images of LiMn2O4 film surface after 100th cycle
a) in Li/liquid electrolyte/LiMn2O4/Pt cell and (b) in Li/solid polymer
lectrolyte/LiMn2O4/Pt cell.
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Fig. 6(b) shows the morphology of the LiMn2O4 surface after
00 cycles in the solid electrolyte cell. The surface is mostly
mooth except for some pores through which we can see the
nderlying grains. All of the grains at the interface between the
iMn2O4 and the SPE are connected to form one flat cathode.

naba et al. [23] observed the morphology change of the spinel
iMn2O4 film by potential cycling in liquid electrolyte with
lectrochemical scanning tunneling microscopy (STM). They
eported that small particles appeared and covered the LiMn2O4
rains after repeated cycling. They suggested that the newly
ormed small particles were formed from the liquid solution as
result of a dissolution/precipitation reaction and thus should

ave less crystallinity or have a composition different from the
riginal LiMn2O4. Moon et al. [24] also observed the morphol-
gy change of thin-film LiMn2O4 in liquid electrolyte cell after
00 cycles of charge–discharge. Their FE-SEM images show
imilar results to those of Inaba et al.

In the case of our solid electrolyte cell, the dissolved man-
anese species could not move out due to the blocking of the SPE
nd formed a flat precipitation at the interface. This demonstrates
he good blocking feature of the SPE film that prevents cathode

aterial loss during cycles. This newly formed interface mate-
ial, however, is likely to have an amorphous structure, which is
nferred by the fact that there was no faceted edge, which is a
ypical of crystalline material.

It is this amorphous material that causes the increase of inter-
acial resistance as shown in impedance spectra in Fig. 5. It also
xplains why there is a larger difference of initial ohmic drop
fter the 100th cycle in the solid cell than in the liquid cell as
een in Fig. 4.

. Conclusions

In this study, we fabricated an all-solid-state thin-film
ithium polymer battery with a PEO based polymer electrolyte.
PEO)18LiClO4 was spin-coated directly onto the thin-film
iMn2O4 cathode and then lithium was evaporated onto it.
he capacity loss was less than 15% after the 100 cycles
t a current density of 100 �A cm−2, which is equivalent to
6 C rate. The first discharging capacity was approximately

3 �Ah cm−2 �m−1, which corresponds to 0.83 Li per mole of
n2O4. The Coulombic efficiency was 93%, which is much

igher than that in a liquid electrolyte. This, in turn, shows that
he spin-coated SPE is electrochemically more stable than the
iquid electrolyte. FE-SEM images of the cathode film surface
hat were taken before and after the cycle test show the good
locking feature of the SPE film that prevented cathode material
oss during cycles. However, the re-attachment or precipita-
ion of previously dissolved manganese species at the interface
aused an increase in interfacial resistance, which is one of the
ew sources of the capacity fading in the thin-film lithium poly-
er batteries.
cknowledgements
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