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An investigation is made of the high-rate capability (up to 10 C) of all-solid-state thin-film lithium batter-
ies that comprise of Li/LiPON/LiCoO; on a flexible substrate, as well as of the effect of high-rate cycling on
the structure of these batteries. Raman spectroscopic analysis results reveal that an increase in the rate
promotes film orientation of the LiCoO, cathode with (1 01)/(104) planes and limited lithium intercala-
tion and deintercalation within the layered hexagonal structure without a phase transition to monoclinic.
Although with high-rate cycling the LiCoO, columnar grains tend to aggregate and lose grain orienta-

llflzl‘t(:‘;(::capability tion, as observed by scanning electron microscopic imaging, the film morphology is efficiently preserved
All-solid-state when there is exterior multilayered encapsulation on thin-film batteries. Encapsulated thin-film batter-
Thin-film lithium battery ies at 10 C show excellent capacity retention of 95% over 800 cycles, delivering >22 pAhcm—2 um-'. The
Structure data contribute to a basic understanding of the structure-rate performance relationship of all-solid-state

Multilayered encapsulation battery systems.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

All-solid-state thin-film lithium batteries based on glassy
lithium phosphorous oxynitride (LiPON) solid electrolytes [1,2]
are being widely used as micropower sources in various elec-
tronic devices that range from information technology (e.g., smart
cards, radio frequency identification (RFID) tags, e-paper, real-
time clocks (RTCs), and memory backups) to bio-technology (e.g.,
drug delivery patches and medical implants) to ubiquitous sens-
ing networks. Next-generation electronic devices require high-rate
capability of thin-film lithium batteries for fast charging. It is gen-
erally recognized that thin-film batteries may exhibit poor rate
capability because of the low ionic conductivity of solid electrolytes.
The ionic conductivity of the LiPON film is three orders lower
(1.5x10°6Scm~1) [3-8] than that of conventional liquid elec-
trolytes. It has been suggested, however, that the current density
crosses in thin-film batteries is mainly limited by the resistance at
the cathode|LiPON interface and lithium-ion diffusion in the cath-
ode[4,9]. Studies on thin-film batteries that consist of sulfide-based
solid electrolytes have found that the rate is influenced more by the
cathode|electrolyte interfacial resistance than by the ionic conduc-
tivity of the solid electrolyte [10,11]. Thus, strong interfacial contact
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between the battery components could be a key factor in reducing
the total resistance in the high-rate operation of a thin-film battery.

The authors have successfully manufactured flexible thin-film
batteries of Li/LiPON/LiCoO, on a flexible mica substrate, which
promotes interfacial contacts, by means of sequential sputtering
coupled with rapid thermal annealing (RTA) technology [3-8]. The
flexible thin-film batteries are easily shaped, sized and stacked at
the required site and permit challenges with their free arrange-
ment in-series or parallel to meet the required specific energy
of electronic devices. Raman spectroscopy and scanning electron
microscopy (SEM) were used to probe the structural changes that
occur in the thin-film batteries with cycling [7,8]. Raman measure-
ments using a laser beam with a submicron spot size that focuses on
the required cross-section of the given thin-film battery seems ade-
quate for precise characterization of the film structure of the LiCoO,
cathode [7,8]. Structural investigation of thin-film battery compo-
nents with high-rate cycling should allow a basic understanding of
the structural changes that are responsible for consequent capac-
ity variation and the different behaviour of cathode films with solid
electrolyte from the bulk material in liquid electrolytes. This would
pave the way for the enhancement of the performance and lifetime
of thin-film batteries for wider use in future electronics. Studies of
the effect of high-rate cycling on the structure of thin-film batteries
have yet to be reported.

This investigation evaluates the high-rate capability of thin-film
lithium batteries of Li/LiPON/LiCoO, on flexible mica substrate,
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Fig. 1. (a) Initial discharge profiles of thin-film batteries of Li/LiPON/LiCoQO; at a variable C-rate; (b) plots of capacity vs. cycle number at 0.3, 2 and 4.3 C without multilayered
encapsulation; (c) a schematic of thin-film battery including multilayered encapsulation; (d) plots of capacities vs. cycle number at 0.73 and 10 C for thin-film batteries with

multilayered encapsulation.

with mulilayered encapsulation. The rate-dependent structural
changes that occur in the thin-film battery components are also
examined.

2. Experimental

Thin-film lithium batteries that consisted of Li/LiPON/LiCoO,
were fabricated using sequential sputtering and evaporation tech-
niques [3-8]. A thin film of LiCoO, was first prepared using
magnetron sputtering (power density 3.53Wcm~2 and 10 mTorr
of Ar) on to a Pt/Cr current-collector film that was deposited on a
flexible mica substrate of thickness 50 wm. The deposited LiCoO,
film was heat-treated by RTA at 520°C for 15 min. The thickness
of the resulting LiCoO, films was 2.8-3.0 wm, as determined by
field emission SEM (JEOL JSM-7000F) imaging at 5 kV. The film was
found to be oriented with (101)/(104) planes (using X-ray diffrac-
tion and Raman spectroscopy). Then the LiPON film was deposited
on the LiCoO, film by means of RF sputtering at 5 mTorr N, and
3.53Wcm~2 power using a LizPO,4 target. The thickness of the
LiPON films was 1.45-1.5 pm, determined with field emission SEM
imaging. The conductivity of the LiPON film was 1.5 x 1076 Scm™1,
which was evaluated with impedance spectroscopy. The composi-
tion of LiPON was Liy g4P1,902.81Ng 33, determined by inductively
coupled plasma - atomic emission spectroscopy (ICP-AES) and
elastic recoil detection - time of flight (ERD-TOF). This was fol-
lowed by deposition of the Li anode via evaporation and of the Ni
anode current-collector via sputtering, and by multilayered encap-
sulation. The total area and thickness of the thin-film batteries
was 4cm? (2 cm x 2 cm) and 10 pum, respectively. For multilayered
encapsulation, the exterior of the thin-film batteries was alter-
nately coated, layer by layer, 3-4 times with polymeric and oxide
films using chemical vapour deposition and sputtering [12]. The
encapsulation layers were transparent, so the shiny Li top layer
was visible. The encapsulation allowed free handling of the thin-
film batteries in air without the risk of atmospheric contamination
or destruction.

The rate capability of the thin-film batteries was evaluated
by cycling at constant current densities of 42 wAcm=2 (0.3C) to
825 wAcm~—2 (10C) between 3.0 and 4.2V vs. Li after the forma-
tion cycle at 0.3 C, using a multichannel cycler (Won-A Tech). The
cycling was ended at a discharge voltage of 3.0V, either when the
capacity retention was <73% or when the cycle number was about
800-900. All electrochemical experiments were conducted in the
Ar-filled glove box (MOTek) with individual water and oxygen con-
tents of 1 ppm. Changes in the film morphology and microstructure
on the battery cross-section with cycling were examined using ex
situ field emission SEM and Raman spectroscopy, respectively. The
Raman spectral measurement was conducted using a closed cell
to avoid atmospheric contamination, and the cross-section (bulk)
of the thin-film batteries was placed below a glass window in the
glove-box. The spectra were recorded with a Raman microscope
(Nanofinder 30, Tokyo Instrument Co.), using the 632 nm line of
a He-Ne laser at 1 mW. Backscattering optics geometry with a
double-notch filter and a standard charge-coupled device (CCD)
detector were used to collect, process and analyze the Raman signal.
The size of the laser beam at the sample was <200 nm.

3. Results and discussion

The voltage profiles of thin-film batteries during their initial
discharge in the region of 3.0-4.2V at 0.3-10C are presented in
Fig. 1a. The initial discharge capacity at 0.3 Cis 39 wAhcm—2 pm~1,
whereas at 10C it is reduced to 23 pAhcm=2 pum~!, which is
approximately 59% of the capacity at 0.3 C. It took just 5.9 min to
charge the thin-film battery at 10C.

The capacities of the thin-film batteries obtained at different C-
rates are given in Fig. 1b and d. The capacities were calculated based
on the thickness of the LiCoO, film, which was obtained from the
SEM cross-section images. Fig. 1b shows that at 0.3 C, the thin-film
battery retains 73% of its initial discharge capacity throughout 1040
cycles. With an increase in the C-rate to 2 C and 4.3 C, slight capac-
ity fading occurs before the 100th cycle. With cycling at 4.3 C, the



S.-W. Song et al. / Journal of Power Sources 195 (2010) 8275-8279 8277

capacity retention drops to 75% before the 600th cycle. High-rate
capacity retention dramatically improves, however, when there is
multilayered encapsulation on the exterior of the thin-film bat-
teries, as displayed in Fig. 1c. With multilayered encapsulation, the
thin-film battery at 0.73 C, in Fig. 1d, shows a greater capacity reten-
tion of 86% until the 960th cycle. The capacity retention improves
significantly at 10 C to 95%, and delivers>22 uAhcm—2 pm~! over
800 cycles. This reveals that multilayered encapsulation is effective
in obtaining high-rate performance. The cycling efficiency is higher
than 99% for all the thin-film batteries, regardless of the C-rate. Con-
sidering that thin-film batteries are composed of film components,
all of which are a few microns thick, and in particular the Li metal
anode film, which is very sensitive to humidity and oxygen even
at the level of a few ppm, encapsulation appears to provide pro-
tection from atmospheric contamination which can degrade their
microstructure and performance. In the absence of multilayered
encapsulation, thin-film batteries after cycling darkened slightly,
regardless of the C-rate; whereas with multilayered encapsulation,
the shiny top of the Li metal layer is still seen even after 800 cycles
at 10C. This supports the efficient role of multilayered encapsula-
tion in protecting thin-film batteries. It is evident that atmospheric
contamination of thin-film batteries even at a level of a few ppm is
fatal and results in performance fading.

Fig. 2. Variation in OCV of thin-film batteries during rest following charge to 4.2V
at0.3 and 4.3C.

During the 5min rest at the open-circuit voltage (OCV) after
each charge and discharge process of the thin-film batteries, the
OCV varies gradually with cycling, particularly at the higher C-
rate. After the first charge to 4.2V, the OCV decreases to 4.09V at

Fig. 3. Cross-sectional SEM images for thin-film batteries obtained after (a) formation cycle, and after cycling at (b) 2 C and (c) 4.3 C without multilayered encapsulation, and

(d)0.73 C and (e) 10 C with encapsulation.
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4.3 C, whereas little change to 4.19V is observed at 0.3 C as shown
in Fig. 2. After the 600th cycle at 4.3 C, the OCV drops further to
4.06 V. Similar self-discharge behaviour is observed at 10 C. By con-
trast, the change in OCV after discharge to 3.0V was independent
of the C-rate, and increased to 3.90-3.91V. By definition, charg-
ing the LiCoO, bulk cathode to 4.2V in a liquid electrolyte, which
corresponds to the de-intercalation of more than 0.55 lithium fol-
lowed by significant c-axis expansion, gives rise to the formation
of monoclinic (C2/m) phase with the approximate composition of
Lig43C00, due to the phase transition from hexagonal (R3-m) to
monoclinic near 4.1V [13]. In this context, the OCV of 4.06V is
attributed to the cathode film in the hexagonal phase. The c-axis
expansion by lithium de-intercalation is found to be geometrically
limited in thin-film batteries [7,8]. Also the diffusion kinetics of
lithium ions can be limited, since current distribution at a high
rate may not be homogeneous across thin-film batteries and high-
rate cycling does not provide sufficient time to reach equilibrium
in LixCoO,. The limited c-axis expansion and current distribution
with high-rate cycling of thin-film batteries appear to make the
film maintain the hexagonal structure by self-discharge.

The change in morphology in the thin-film batteries due to
high-rate cycling was monitored using ex situ SEM. The cross-
sectional images of the thin-film batteries in Fig. 3 show the top
of the battery layer by layer integration of Li, LiPON, LiCoO,, and
Pt/Cr films, and a mica substrate. The image in Fig. 3a reveals that,
after the formation cycle, 110-200 nm wide columnar grains of
the LiCoO, film are oriented as normal, and the interfacial con-
tacts at LiCoO,|Pt and LiPON|LiCoO, appear smooth. Such smooth
interfaces achieved by RTA must be favourable for both long-term
and high-rate cycling. With cycling at high rates in the absence of
multilayered encapsulation, see Fig. 3b and c, reduced normal ori-
entation of columnar grains normal and aggregation of the grains
are observed. At 4.3 C (Fig. 3c), the aggregation of the columnar
grains tends to be severe with loss of crystallinity. Near the inter-
face of LiCoO, |LiPON, the LiCoO, columnar grains show a horizontal
line texture or cracks parallel to the substrate. Such horizontal
texture, which is opposed to the columnar grains normal, may
deleteriously affect the mechanical strength of the cathode film.
Also shown in Fig. 3c is that the interfacial boundaries of LiCoO,|Pt
and LiCoO,|LiPON become vague due to sticking and/or merging
of the neighbouring layers. Thus, the thickness of the LiPON film
appears significantly thinner than that of the other thin-film bat-
teries, whereas the LiCoO, film appears thicker. The passage of a
high current at 4.3 C across the thin-film batteries appears to have
caused an electrochemical sintering effect on the LiCoO, and its
interfaces, similar to long-term ageing of thin-film batteries [8,9].
A decline in the capacities at 4.3 C (Fig. 1b) should be related to this
change in film morphology.

Multilayered encapsulation effectively enables preservation of
film morphology. After cycling at 0.73 and 10C (Fig. 3d and e)
with multilayered encapsulation, not only the original morphol-
ogy of the LiCoO, columnar grains but also the smooth interfaces
between the layers are almost sustained. The morphology of all the
battery component layers is maintained much better than with-
out encapsulation (Fig. 3b and c), which is related to the observed
excellent capacity retention in Fig. 1d. This emphasizes the neces-
sity of multilayered encapsulation for protecting thin-film batteries
from atmospheric degradation and obtaining a stable cycling per-
formance.

A comparison of Raman spectra of LiCoO, films with C-rates is
presented in Fig. 4. After the formation cycle (Fig. 4a), the film shows
two bands at about 490 and 600 cm~!, which are attributed to the
vibration of oxygen atoms at the ab axis (Eg mode) and the c axis
(A1g mode) of the LiCoO; in the hexagonal layered structure [13],
respectively. The relative intensity of the Eg band is similar to that
of the Aqg band. This indicates that the bulk of the LiCoO, film has

Fig.4. Raman spectral comparison for cross-section of LiCoO, cathode film obtained
after (a) formation cycle, and after cycling at (b) 0.73C, (c) 4.3 C, and (d) 10C.

a similar fraction of the (1 01)/(1 04)-oriented grains to the (00 3)-
oriented grains [7,8,14]. After cycling at 0.73 and 4.3 C (Fig. 4b
and c), a tiny shoulder appears near 677 cm~! and is attributed to
C0304 [15]. The presence of Co304 hinders lithium ion diffusion and
lowers the electronic conductivity of the cathode and thereby, dele-
teriously influences the cycling performance. With cycling at 4.3 C,
the Eg band is enhanced relative to the Az band, which corresponds
to an increase in the fraction of the (101)/(104)-oriented grains.
Further significant enhancement of the Eg band is observed after
cycling at 10C, as shown in Fig. 4d. Promoted film orientation with
the (101)/(104) planes should be favoured for lithium ion trans-
port and electron transfer kinetics, in particular, with high-rate
cycling. Earlier reported results showed [16] that the strain energy
of (101)/(104) planes in a LiCoO5 film is much larger than that of
other planes [16]. All-solid-state thin-film batteries are known to
include stress and strain energy factors from the as-deposited film
[14]. The increased strain energy from the increased fraction of the
(101)/(1 04)-oriented grains in the cathode film can be compen-
sated by aggregation of the columnar grains by lowering the surface
energy, as shown in Fig. 3. Even with multilayered encapsulation,
a thin-film battery cycled at 10 C tends to show aggregation of the
LiCoO, columnar grains (Fig. 3e) near the interface with the Pt cur-
rent collector layer. The passage of a high current during cycling
appears to promote film orientation, but has an electrochemical
sintering effect on film morphology, i.e., aggregation. Improved
lithium transport kinetics due to the promoted film orientation of
the hexagonal LiCoO, at 10C and the preserved film morphology
of the thin-film batteries due to multilayered encapsulation lead
to excellent capacity retention of 95% over 800 cycles, as shown in
Fig. 1d.

4. Conclusions

The high-rate capability of thin-film batteries up to 10 C and the
importance of understanding of structure-rate performance rela-
tionship are demonstrated. With increasing C-rate, film orientation
with (101)/(104) planes favoured for lithium transport kinetics is
found to be enhanced in the LiCoO; cathode film, with a little loss
of columnar grains normal and aggregation of grains. High-rate
cycling also induces limited lithium transport within the hexag-
onal phases by self-discharge. Multilayered encapsulation allows
the protection of thin-film batteries from atmospheric degradation
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and the preservation of film morphology. Encapsulated thin-film
batteries exhibit significantly improved capacity retention of 95%
at 10 C over 800 cycles.
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