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In this study, a pulsed laser deposition process was developed to deposit a carbon nanotube (CNT)
assisted LiCoO, electrode to improve its power density. The electrodes were deposited on Pt-coated
Si substrates with Ar and O, as sputtering gases and LiCoO,+C as the target. The results indicate
that the working pressure is the most important parameter to control the composition of the
electrode. Therefore, electrodes with a three-layer structure (i.e., LiCoO,-rich/CNT-rich/
LiCoO,-rich) were fabricated by a three-step deposition process by varying the pressures from 13
to 1.3 10* Pa and then 13 Pa again, and it was found that the charge/discharge capacity became
approximately 1.5 times greater than that in the corresponding electrode without a CNT-rich layer.
The results also indicate that a higher substrate temperature is favorable for improving the

crystallinity of the electrode to approach LiCoO, crystals. © 2009 American Vacuum Society.

[DOT: 10.1116/1.3264678]

I. INTRODUCTION

Solid-state thin-film lithium batteries were first reported
by Kanehori et al. in 1983; since then, considerable devel-
opments were witnessed in this area because such batteries
can potentially have a long lifetime, high energy density,
small self-discharge, minimal memory effect, low toxicity
and safe usage, flexibility, and rechargeability.1’2 Therefore,
lithium-based batteries are the most promising candidates for
miniaturized batteries for microelectronic devices and im-
planted biomedical cells.

Because the active materials in the electrodes of lithium
batteries, such as LiCoO, and LiMn,0,, have low electronic
conductivities, carbon black and graphite were utilized as
conducting agents to enhance the conductivity and chemical
inertness in the positive electrode (cathode).Sf5 On the other
hand, carbon nanotubes (CNTs) were mechanically mixed
not only to improve the properties of fuel cells and solar cells
but also to improve the performance of the cathode and an-
ode in Li-ion secondary batteries because of its excellent
thermal and electronic conductivities, excellent chemical sta-
bility, and higher specific surface area.’!! However, these
proposed processes are not suitable for fabricating CNT-
assisted thin-film electrodes. In this study, we investigate the
feasibility of fabricating CNT-assisted LiCoO, thin-film elec-
trodes using a laser ablation deposition process.

Il. EXPERIMENT

First, Pt-coated Si wafers were used as substrates; here,
the Pt layer (thickness: 100 nm) was deposited by a duel
electron-gun evaporator (ULVAC EBX-10C) under a pres-
sure of 3.5 X 10™* Pa, and it was used as a current collector.

¥ Author to whom correspondence should be addressed; electronic mail:
kuoct@mdu.edu.tw

3067 J. Vac. Sci. Technol. B 27(6), Nov/Dec 2009

1071-1023/2009/27(6)/3067/6/$25.00

The substrates were then deposited by the pulsed laser depo-
sition (PLD) method using a CO, laser (wavelength:
10.6 um). The PLD target contains 91 wt % LiCoO, and 9
wt % graphite. The substrate-to-target distance is set at 3 cm.
The main processing parameters include the system pressure
[(13-1.3) X 10* Pa], substrate temperature (25—600 °C),
and Ar/O, gas ratio (100/20-100/2). The specimen designa-
tions and their deposition conditions are listed in Tables I and
IL

The surface morphologies, microstructure, and contents of
each species of deposited films were characterized by using a
JEOL JSM-6700 field-emission scanning electron micro-
scope (SEM), JEOL JEM-2100 field-emission transmission
electron microscope (TEM), and Thermo K-alpha x-ray pho-
toelectron spectroscope (XPS), respectively. The atomic ra-
tios of lithium and cobalt were analyzed by quantitative XPS
analysis. The crystallization structures and the bonding prop-
erties of deposited films were characterized using a Siemens
D-5000 x-ray diffractometer (XRD) using the detector scan
mode and a Jobin Yvon LabRam HR Raman spectrometer
with a wavelength of 514.5 nm (Ar laser). Finally, an HCH
Instruments 604C-Electrochemical Analyzer three-electrode
cyclic voltammetry (CV) measurement system was em-
ployed to survey the electrochemical properties in a potential
range from —1 to 1 V with a scan rate of 50 mV/s using a Pt
counter electrode, and Ag/AgCl (1M LiCl in MeOH) as a
reference electrode in a nonaqueous 1M LiClO,/propylene
carbonate electrolyte.

lll. RESULTS AND DISCUSSIONS
A. Effect of pressure on electrode compositions

Figures 1(a)-1(c) show the SEM images of the PLD-
deposited films under 13, 1.3 X 103, and 1.3X 10* Pa, re-
spectively; it is observed that CNTs are undetectable for
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TaBLE 1. Specimen designations, deposition conditions, and the correspond-
ing Li/Co mole ratio by one-step process.

Substrate
Specimen temperature Pressure Lo/Co atomic
designation® (°C) (Pa) Ar/O, ratio”
Al RT 1.3X10 100/2 1.48
A2 6.5X 107 100/2 11.8
A3 1.3x10° 10072 23.9
Ad 1.3x10* 100/2 393
AS 1.3X10 100/10
A6 1.3X10 100/20
Bl 300 13 100/2
B2 400
B3 500
B4 600

“Each specimen was deposited for 2 h.
°Calculated by quantitative XPS.

pressures below 1.3 103 Pa, but they are detectable for a
pressure of up to 1.3 X 10* Pa. Moreover, Fig. 1(d), which
shows a TEM image of Fig. 1(c), clearly indicates the exis-
tence of multiwalled carbon nanotubes (MWCNTS) having a
diameter of 10-15 nm. The pressure dependence of CNT
deposition is in good agreement with previously reported
results,'” in which CNTs were produced with pressures
greater than 6700 Pa by CO, laser ablation.

On the other hand, quantitative XPS analyses indicate that
the Li/Co ratios of the electrodes are also pressure depen-
dent; these vary from 1.5 to 393 when the pressure is varied
from 13 to 1.3 X 10* Pa (shown in Table I). Such selective
ablation efficiency of different elements in the target is due
to the fact that it is difficult to excite elements with a higher
melting temperature and atomic size using a laser beam.
Thus, a lower pressure is required to approach an ideal Li/Co
ratio of 1.0.

To further determine the constituents of the electrodes,
four electrode films deposited under pressures of 13, 6.5
X 10%, 1.3 10% Pa, and 1.3 X 10* Pa (specimens Al, A2,
A3, and A4, respectively) were analyzed by XPS (Co 2p).
Figures 2(a) and 2(c) show XPS (Co 2ps,,2p;,) and
(Li 1s) spectra, respectively, for the same four films. The
decomposed spectrum for specimen A1 (Li/Co~ 1) is shown
in Fig. 2(b), in which two sets of peaks indicate the existence
of Co** and Co**."* Each set contains four peaks. The former
set (Co’") including Co 2ps, (779.9 eV) and Co 2p,,, (794.9

¥10,00X Tpm WD 82mm

. %
A = v
X70,000 100nm WD 96mm

FIG. 1. SEM images of the films deposited under different pressures: (a) 13
Pa, (b) 1.3X10% Pa, and (c) 1.3X 10* Pa; (d) the corresponding TEM of
(©).

TaBLE II. Specimen designations and deposition conditions for three-step deposition process.

Step 1 Step 2 Step 3
Specimen Pressure Temperature Pressure Temperature Pressure Temperature
designation  (Pa) (Ar/0,) (°C) (Pa) (Ar/0,) (°C) (Pa) (Ar/0,) (°C)
Dl 13(100/2) 300 1.3 X 10*(100/2) 300 13(100/2) 300
D2 400 400 400
D3 500 500 500
D4 600 600 600
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FiG. 2. XPS spectra for films deposited under three different pressures for
PLD target and specimens A1-A4: (a) Co 2p spectra, (b) Li 1s spectra, and
(c) decomposed spectrum for P=13 Pa in (a).

eV) with their respective satellite peaks at 789.0 and 803.7
eV corresponds to the existence of LiCoO,. Additionally, the
latter one (Co**) including Co 2p;,, and Co 2p,,, with their
respective satellite peaks located at 781.6, 797.0, 785.9, and
802.1 eV corresponds to the existence of CoO,. Furthermore,
the cobalt ratio in the electrode films (from Al to A4) de-
creases with increasing deposition pressure (13, 6.5X 102,
1.3X10%, and 1.3 X 10* Pa), as shown in (Co 2p) in Fig.
2(a) and Table L

In addition, an important modification that should be
noted is the fact that as compared to the main peak (Co
2p3/2 at 779.5 eV) of the PLD target, there is a significant
broadening of Co 2p3/2 in specimens A—1A4 [shown in Fig.
2(a)], and this is rather obvious at a higher deposition pres-

JVST B - Microelectronics and Nanometer Structures
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Fig. 3. XPS spectra for films deposited under different Ar/O, ratios for
specimens A1, A5, and A6: (a) Co 2p spectra and (b) Li 1s spectra.

sure. This phenomenon is due to the deintercalation of
lithium from LiCoO, in which a large amount of Co**
(LiCoO, in target) transfers to Co** under laser ablation."*
This statement is in agreement with the result of XPS
(Li Is) shown in Fig. 2(c). As compared to the XPS (Li 1s)
peak of the target [Fig. 2(c)], it is obvious that specimen Al
shifts to a higher binding energy. Moreover, it shifts further
when the deposition pressure is increased (specimens A2—
A4). This indicates that lithium deintercalates from the octa-
hedral environment of oxygen atoms (LiCoO, lattice) and
forms lithium carbide (LiCgq, LiC,, and LiCs) (Refs. 15 and
16) during the PLD process.

In other words, the ideal Li/Co atomic ratio of 1.0 of
Li,Co0O, for the lithium battery electrode can only be real-
ized under a pressure less than 13 Pa by PLD, and MWCNTs
can only be fabricated under a pressure of 1.3 X 10* Pa. That
is, it can be realized by alternately depositing CNT-rich and
Li,Co0O,-rich layers under high and low pressures, respec-
tively.

B. Effect of Ar/O, ratio on electrode compositions
and substrate temperature on electrode
crystallinity

Considering the effect of the Ar/O, ratio on the electrode
compositions, specimens Al, A5, and A6 deposited under
Ar/ 0O, ratios of 100/2, 100/10, and 100/20 were analyzed by
XPS. Figures 3(a) and 3(b) show the Co 2p and Li 1s spec-
tra, respectively, of specimens Al, A5, and A6. These spectra
show a negligible difference between Li,CoO,-rich elec-
trodes deposited under difference gas ratios, suggesting that
the compositions of the deposited films would not be af-
fected by the Ar/O, ratio under PLD deposition at 13 Pa.

Because the main peaks of LiCoO, (Co**) and CoO,
(Co**) are very close to each other (779.6 and 781.4 eV,
respectively) in XPS but far apart in the Raman spectrum
(596 and 680 cm™', respectively), the effect of deposition
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FIG. 4. Raman spectra of the electrodes deposited under low pressure (13
Pa) at different substrate temperatures.

temperature on the elimination of lithium deintercalation in
the Li,CoO, electrode was studied using the Raman spec-
trum. Figure 4 shows the Raman spectra of Li,CoO,-rich
electrodes deposited under temperatures of 25, 300, 400,
500, and 600 °C, respectively. The Raman peaks around 486
and 596 cm™! indicate the existence of LiCo0O,, and that at
680 c¢cm™' indicates the existence of Co0,; this is in agree-
ment with the XPS results. By comparing the Raman results,
it is obvious that the amount of CoO, depends on the sub-
strate temperature. In the case of a specimen deposited at
room temperature, a large amount of CoO, is found in the
electrode; in contrast, CoO, cannot be detected in a specimen
deposited at 600 °C. This is consistent with a narrow full
width at half maximum for LiCoO, peaks at 486 and
596 cm™! at higher deposition temperatures (Fig. 4). The
better crystallinity of LiCoO, at higher temperature is prob-
ably attributable to the greater probability of forming Co** at
thermodynamically stable phases under a pressure of 13 Pa
with an Ar/O, ratio of 100/2. It can be summarized that a
better LiCoO, phase can be obtained by increasing the heat
treatment temperature.

On the other hand, the XRD spectrum shown in Fig. 5
indicates that the amount of lithium carbides decreased and
that of LiCoO, increased with an increase in the substrate
temperature; this is in agreement with the Raman results.

C. High-resolution TEM of CNT-assisted
electrodes

The microstructures and crystal structures of CNT-
assisted composite electrodes were characterized by high-
resolution TEM (HRTEM) and electron diffraction. Figure 6
shows HRTEM images of MWCNTs in the CNT-assisted
composite electrode deposited at 600 °C; there exist two
types of CNTs in this electrode, namely, MWCNTSs with and
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FIG. 5. XRD patterns of the electrodes deposited under low pressure (13 Pa)
at different substrate temperatures for specimens with one-step deposition
process.

without catalysts in the tubes with diameters of around
10-50 nm [Fig. 6(a)] and 10-15 nm [Fig. 6(b)], respectively.
Figure 7 shows the HRTEM lattice image and the corre-
sponding electron diffraction pattern of LiCoO, in the CNT-
assisted electrode deposited at 600 °C, where diffractions of

FIG. 6. TEM images of MWCNTS in specimen D4 (a) with and (b) without
catalyst.
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FiG. 7. HRTEM lattice image and corresponding selective area diffraction
pattern of electrodes deposited by three-step deposition process.

(003), (101), and a weak (104) can be observed. In summary,
the composite electrode deposited at 600 °C gives good
crystallinity CNT-assisted LiCoO,.

D. Electrochemical properties of CNT-assisted
electrodes

The electrochemical properties of the composite elec-
trodes and the conventional electrode are characterized by
CV measurements. Figure 8 shows the CV curves (the 20th
cycle) of specimens B4 and D4 for electrodes without and
with CNT-rich deposition deposited at 600 °C, respectively.
Both curves indicate an oxidation peak and a reduction peak
indicating the charge and discharge reactions, respectively.
Impurities such as lithium carbide and CoO, should affect
the shape of the CV curves; however, it is difficult to identify
them from the broadened oxidation and reduction peaks. In
addition, it is clear that the CV loop area of specimen D4 is
greater than that of specimen B4, suggesting that additional
CNT-rich deposition leads to better electrode performance.
Figures 9(a) and 9(b) show the anodic and cathodic peaks of
electrodes deposited under various temperatures, respec-
tively, in which the peak values are indexes of the charge/
discharge capacity. It indicates that the values of both the
anodic and cathodic peaks in the CV curve, indicating the
charge discharge capacity of the electrode, increase with sub-
strate temperature. In addition, the peak value also increases
by a factor of ~1.5 with CNT-rich deposition in the elec-

Current/mA

10 05 0.0 05 1.0
E/V vs. Ag/AgCI

FIG. 8. CV curves (the 20th cycle) of specimens B4 and D4.
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FIG. 9. CV examination results (the 20th cycle) of specimens deposited
under series temperature (a) anodic peaks and (b) cathodic peaks.

trode for electrodes deposited at 600 °C. This may be due to
the fact that CNTs can create nanopores in the electrode and
act as additional conductive channels for the reactions.

IV. CONCLUSIONS

We conducted experiments to examine the fabrication
process of CNT-assisted composite electrodes by PLD. It
was found that a multistep process is required to prepare the
composite electrode. The process includes alternately depos-
iting CNT- and LiCoO,-rich layers under high and low pres-
sures, respectively, to create a layered structure. The results
also show that the deposition temperature can increase the
crystallinity of CNT-assisted LiCoO, in the composite elec-
trodes. The CV measurements indicate that the CNT-assisted
LiCoO, electrode can increase the charge/discharge capacity
by a factor of 1.5 for the present sandwich-type composite
electrode. We believe that further improvements can be real-
ized by varying the percentage and types of CNTs in the
composite electrode.
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