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Abstract

Thin films of LiCoQ;, prepared by radio frequency magnetron sputtering on Pt-coated silicon are investigated under various deposited
parameters such as working pressure, gas flow rate of As tar@ heat-treatment temperature. The as-deposited film was a nanocrystalline
structure with (1 04) preferred orientation. After annealing at 5002@0@ingle-phase LiCo®is obtained when the film is originally
deposited under an oxygen partial pressi#g J from 5 to 10 mTorr. When the sputtering process is performed outside Hags@lues, a
second phase of GOy is formed in addition to the HT-LiCo©phase. The degree of crystallization of the LiGdilns is strongly affected
by the annealing temperature; a higher temperature enhances the crystallization of the depositedilbiC®ke grain sizes of LiCo@
films annealed at 500, 600 and 7@are about 60, 95, and 125 nm, respectively. Cyclic voltammograms display well-defined redox peaks.
LiCoO; films deposited by rf sputtering are electrochemically active. The first discharge capacity of thinylfiaannealed at 500,

600 and 700C is about 41.77, 50.62 and 61 @h/(cr? um), respectively. The corresponding 50th discharge capacities are 58.1, 72.2
and 74.9% of the first discharge capacity.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction by radio frequency magnetron sputtering using a LigoO
target. Although the electrochemical properties and some
Since the1980s, lithium-ion batteries have emerged as onefabrication parameters of rf-sputtered thin films of LiGoO
of the most important power sources for portable electronics have been investigatd8-17], the effect of working pres-
due to their high specific energy and good cycleability. In sure and Ar/Q ratio has not been thoroughly studied. Thus,
order to reduce weight for portable electronics, the demandthe objective of this work is to determine the effect of work-
for lighter and thinner batteries is increasing. To reduce the ing pressure, gas flow ratios of Ar too0Pand annealing
battery size, thin-film rechargeable batteries have receivedtemperature on LiCo® phase formation and crystalliza-
much attention. In lithium secondary batteries, LiGdas tion, and on the electrochemical properties of a LiGoO
been widely used as the cathode material due to the ad-thin-film cathode that is deposited by the rf-sputtering
vantages of high specific capacity, high operating voltage, technique.
and long cycle-lifg1-5]. Crystalline LiCoQ has a layered
structure withR3m symmetry in which the cobalt ions re-
side on the 3a sites of the octahedron, the lithium ions re- 2. Experimental
side on the octahedral 3b interstices, and the oxygen anions
form cubic close packing. This layered structure provides a  All the thin films of LiCoO, were grown by rf mag-
2D accessible path for Li-ion diffusion. netron sputtering from a LiCoftarget with a 2in. diam-
Thin films of LiCoO, can be obtained by various tech- eter. The LiCoQ@ target was sintered at 70C for 2h by
mques such as radio frequency (rf) sputtering, pulsed laserhot-pressing the LiCo®powder, which was calcined from
deposition, spray pyrolysis, chemical vapour deposition, and LioCO3 (J.B.Baker, 99.6%), CoC§{(Alfa Aesar, 99%) at
reaction of cobalt metg5-9]. In this work, the thin-film 700°C for 12 h. Thin film deposition was carried out in the
LiCoO, cathode is deposited on a Pt-coated silicon substratepressure range between 5 and 50 mTorr after pre-sputtering
the target for 15 min. The total flow rate was set at 12 stan-
dard cubic centimeters per minute (sccm) with various ra-
* Corresponding author. Tekt886-6-2380208; fax:+886-6-2380208.  1i0S of Ar to O,. The rf power was 100 W and the distance
E-mail address: kzfung@mail.ncku.edu.tw (K.-Z. Fung). between the substrate and the target was 40 mm.
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The substrate was a (10 0) silicon wafer which was cov-
ered with SiQ of 600 nm thickness. Pt layer of 200 nm
served as a current-collector and a Ti layer of 20 nm was in- (d)

corporated between the substrate and the pt current-collector l

in order to enhance adhesion at the interface between Pt and "
the SiQ substrate. The substrate was heated at'25@ur- si Pt Si
ing the depostion process. In order to obtain the desired elec-
trochemical properties, LiCotfilms were then annealed at ©
500-800°C for 2h in a controlled oxygen atmosphere to 9
enhance the crystallization of the LiCe®Ims.

The structure and the degree of crystallization of LiGoO
were characterized by X-ray diffraction using Cux Ka-
diation (. = 1.5418A), Raman spectroscopy (Coherent (b) —‘J

(104)

Intensity
%(003
} T80
9

(104)

Innova 90), and transmission electron microscopy (JEOL,
JEM-3010). The morphology and cross-section of the
LiCoO; thin film were investigated by scanning electron
microscopy (Philips, XL-40FEG). The contents of Li and
Co in the films were analyzed by ICP-MS (Hewlett Packard
4500). Cyclic voltammetric (measured by EG&G, Potentio-
stat 273A) and charge—discharge characteristics (measured
by Arbin, BT2043) of LiCoQ were also investigated for a
Li|LiCoOz cell using a polycrystalline LiCo®film as the
cathode (active area 1cn?), lithium metal as the anode,
and 1M LiPFs in propylene carbonate as the electrolyte.

Fig. 1. XRD patterns of (a) LiCo®powder, (b) as-deposited (substrate
temperature was 25C), (c) 600°C-annealed, and (d) 70C-annealed
LiCoO; films.

3. Results and discussion

LiCoO, powder shown inFig. 1(a) This result suggests
3.1. Sructure characterization that the lithium, cobalt, and oxygen ions might not orderly

occupy their ideal lattice positions in the layered structure.

It is known that LiCoQ exhibits three polymorphs, In other words, it appears that the as-deposited films do not

namely: hexagonal wittR3m symmetry, cubic withFm3m have a well-crystallized structure.
symmetry, and spinel withd3m symmetry{9]. HT-LiCoO, The presence of the HT-LiCa(Ophase is usually deter-
(R3m) is usually employed as the cathode material in mined by a distinct separation of the (11 0) and (0 1 8) peaks
Li-ion batteries due to its good electrochemical properties or by the appearance of the (006) and (01 2) peaks in the
[1-5]. The XRD pattern for LiCo®@ powder synthesized XRD pattern. In this work, the as-deposited film displays
at 700°C is presented irFig. 1(a) The pattern shows a only a broad (104) preferred orientation. It is difficult to
random orientation of the HT-LCofOstructure with three  verify the structure of the LiCo®film by XRD analysis
major, well-defined reflections of (003), (104) and (101). alone. Raman spectroscopy is a useful tool to distinguish
The XRD pattern for a LiCo@ film that was deposited  between different symmetries in a given material. In sput-
on a 250 C-heated substrate is shown kig. 1(b) This tered LiCoQ films, different symmetries of LiCo®will
pattern exhibits only a broad (1 0 4) reflection, showing that show different relative PS peaks in Raman sped8a21}
the film has a crystalline structure with (104) out-of-plane The Raman spectrum of an as-deposited Ligdilns is
texture. This result is in contrast with published studies that shown if Fig. 2(a) There are two well-defined RS peaks at
have reported that amorphous LiCo®@Ims are obtained 468 and 582 cmt. These correspond By and Aqg of the
on deposition at ambient temperature by the rf sputtering HT-LiCoO, structure. Further evidence of an as-deposited
technique[5,12-14] On the other hand, Whitacre et al. film with a crystalline structure is showig. 2(b) which
[10] have found that preferred orientation can be grown at presents a typical TEM diffraction pattern of HT-LiCeO
ambient temperature. It is believed that substrate heatingwith (003), (101), (104), and (110) reflections. From the
provides energy for the rearrangement of lithium, cobalt, combined results of XRD, TEM and Raman spectra, it is
and oxygen atoms to form layered crystalline LiGdms. clear that an as-deposited crystalline HT-LiCofdm with
Therefore, the as-deposited films that have been grown at(104) preferred orientation is obtained when the film is
250°C and have shown (104) out-of-plane texture in this grown on Pt-coated Si substrate.
work are to be expected. In addition, the (104) reflection of It is well known that sputtered films exhibit a certain
the as-deposited LiCoQfilm shown inFig. 1(b)is broad degree of texturing22]. During the sputtering process, the
and shifts to the lower @position compared with that of  deposited film may grow in a preferred orientation in order
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Fig. 2. (a) Raman spectrum and (b) TEM diffraction pattern of as-deposited
LiCoO; film.

to minimize the volume strain energy or the surface energy.

Furthermore, the volume strain energy is strongly affected

by the thickness of deposited film. Based on the observa-

tions of Bates et a[11], (101), (110) and (1 04) preferred
orientation is favoured to minimize the volume strain energy
when the thickness of the LiCa@ilm is greater than fum.

265

Fig. 1(c) Onincreasing the annealing temperature to“@0
(003), (110) and (101) peaks are found to develop, as
shown inFig. 1(d) For films annealed at 750 and 80D,
delamination occurs between the LiCp@im and the sub-
strated.

Electron micrographs of the sputtered LiCo@ims are
shown inFig 3(a)—(h) Top-view and cross-section images
of the as-deposited LiCofXilm are presented ifrig. 3(a)
and (e) The surface of the as-deposited film has a smooth
morphology and the thickness is about Am. The mor-
phologies of crystalline LiCo®films with grain sizes of
about 60, 95 and 125 mm after annealing at 500, 600 and
700°C for 2h respectively are shown iRig. 3(b)—(d)
From the cross-section images shownFig. 3(f)—(h) the
crystalline LiCoQ films exhibits a columnar structure that
is perpendicular to the substrate. The thickness of the films
annealed at 500, 600 and 70D is about 1.3, 1.3 and
1.2pm, respectively.

From the XRD results, the as-deposited and annealed
films are found to exhibit a HT-LiCo@structure with (1 0 4)
preferred orientation. Heat treatment at various tempera-
tures enhances the crystallization of as-deposited LiCoO
films. Furthermore, SEM analysis shows that the grain size
is enlarged and the thickness of the film is reduced with
increasing annealing temperature. The increasing crystal-
lization suggests that the lithium, cobalt and oxygen atoms
rearrange to their ideal crystal positions after annealing.
Moreover, shrinkage of the film indicates that all the ions
are packed into a more close-packing arrangement after
annealing.

3.3. Effect of working pressure

The Raman spectra of LiCodilms deposited at differ-

Scanning electron micrographs reveal that the thickness ofent working pressures (5-50 mTorr) and then annealed at

as-deposited and annealed LiCol®m is greater than fum
(seeFig 3(c)—(h). Thus, the (104) preferred orientation
is due to strain relaxation of the film. From XRD analy-

600°C for 2h are presented iRig. 4. The gas ratio of Ar
to Oy was fixed at 9:3. As described earlier, the RS peaks
located at 487 and 597 cth correspond tdEq and Aqg of

sis, only the diffraction of lattice planes oriented parallel |ayered LiCoQ [18-21} On the other hand, the RS peaks
to the substrate is detected. Therefore, this result indicatesat 521 and 690 cmt correspond to a G®, second phase
that the as-deposited film has a (104) plane parallel to the[20]. The results of Raman spectra indicate that the film de-
Pt-coated silicon substrate. The (104) preferred orienta- posited at 20 mTorrKo, = 5mTorr) and annealed at 60G
tion is known to be helpful for lithium ions to intercalate for2his composed of a single HT-LiCo@hase. For films
into or de-intercalate from the layered LiCpQtructure  deposited under working pressures other than 20 mTorr
[11]. (Po, = 5mTorr), a CgO,4 second phase is obtained in ad-
dition to the HT-LiCoQ phase. For example, under work-
ing pressures of 5mTorrPo, = 1.25mTorr) and 9 mTorr
(Po, = 2.25mTorr), dual phases of HT-LiCand CaO4

It is well known that crystalline LiCo@films exhibit bet- are observed. According to the crystal structure of LigoO
ter cycleability and specific energy than amorphous counter- it is clear that cobalt ion is in its trivalent state. By contrast,
parts[1-5]. Therefore, heat treatment plays an important role both divalent and trivalent cobalt ions are present in@p
in obtaining well-crystallized LiCo®film. In order to in- Due to the lower oxidation state of Co ions in 4Ch,
crease the degree of crystallization of the LiGdims, the the presence of G®,4 can be attributed to a low oxygen
as-deposited LiCogfilms need to undergo a post-annealing partial pressur§23] when the working pressure is reduced
at 500-800C. After film annealing at 600C, two more to 5-9mTorr The formation of G®, is also observed
reflections of (110) and (003) are observed, as shown inwhen the working pressure is increased to 50 mTBg, (=

3.2. Effect of heat treatment
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f)

Fig. 3. SEM morphologies of (a) as-deposited, (b) S0annealed, (c) 600C-annealed, and (d) 70C-annealed LiCo@films and cross-section images
of (e) as-deposited, (f) 50@€-annealed, (g) 600C-annealed, and (h)70C-annealed films.

1.25mTorr). From ICP analysis, the Li:Co ratio is 1.02:1 atomic weight Li atoms on the substrate might be collided
and 0.91:1 for films grown under amy, = 5mTorr, 12.5m out of the substrate surface and result in a Li deficiency in the
Toor respectively. This suggests that the oxygen negativefilm. Therefore, in the higher oxygen partial pressure region,
ions and the cobalt atoms that were sputtered from target bythe formation of a CgO, phase is due to Li deficiency in
the accelerated Ar might re-sputter the film. Thus, the low the film.
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Fig. 4. Raman spectra of LiCgCthin films obtained by rf sputtering
at various working pressures: (a) 5mTorr, (b) 9 mTorr, (c) 20 mTorr, (d)

50mTorr and annealing at 60C for 2 h.

3.4. Effect of Ar to O, gasratio

The Raman spectra of films deposited at various Ar:O
gas ratios and annealed at 6@for 2 h are shown iifrig. 5.
The working pressure was fixed at 20 mTorr. In addition to
the Raman band of layered LiCeQhere are two RS peaks
that identified as the G@®4 phase inFig. 5(a) and (d)
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Fig. 5. Raman spectra of LiCg@hin films deposited at sputtering gas flow
rate of (a) Ar= 12sccm, @ = 0sccm, (b) Ar= 9scecm, Q = 3scem,
(c) Ar = 6sccm, Q = 6sccm, and (d) A= 3sccm,Q = 9sccm on

Pt-coated silicon and annealed in @t 600°C for 2 h.

Variation of the Ar:Q ratio also affects the oxygen con-
tent in the deposition chamber. Similar to the effect on the
working pressure, the presence of HT-LiGo@nd CgOq4
depends on the ratio of Ar tofOAt a ratio of 12:0, CgO4

is present in addition to LiCo®due to the low oxygen
partial pressure. For a sputtering gas with ratio of 9:3 and
6:6, a single LiCoQ phase is observed due to the adequate
amount of oxygen availablePp, = 5 to 10 mTorr). When
the ratio is changed to 3:9, a high oxygen partial pressure
region is producedKp, = 15mTorr) and the formation of
Co304 can be attributed to a deficiency that results from
re-sputtering in the thin-film deposition process.

The ratio of Ar to @ also affects the thickness of LiCeO
films. The deposition rates have been found to vary roughly
linearly with the ratio of Arto @ [10]. LiCoO; films grown
at high ratio of Ar to Q have a thicker thickness than
these grown at lower ratios. This is because the amount of
Ar gas enhances the sputtering efficiency to obtain thicker
films.

3.5. Electrochemical studies

The cyclic voltammogram for a 70@-annealed LiCo®
film is shown inFig. 6. Three sets of redox peaks that corre-
spond to three plateau in the charge—discharge curve (shown
in Fig. 7(a) are observed. The anodic peak (a) located at
3.95V, the cathodic peak 'jalocated at 3.86V, the peaks
b—b located at about 4.07V and the peaks’decated at
about 4.16 V are in good agreement with those previously
reported[24,25] The largest peaks (a%acorrespond to
the main de-intercalation/intercalation reactions of Li ions
from/into the layered structure. The other two small sets
of peaks correspond to phase transitions between ordered
and disordered Li-ion arrangements in the Gd@amework
[25]. The fact that the anodic peak (a) is larger than the ca-
thodic peak (g in the first charge—discharge cycle suggests
that the reaction is not completely reversible.

Current (mA)

—— 1st cycle
————————— 2nd cycle
3rd cycle

-0.20 T T T T T T T T T T T T T
3.0 3.2 3.4 3.6 3.8 4.0 4.2 4.4

Voltage (V)

Fig. 6. Cyclic voltammogram of 700C-annealed LiCo@cell with LiPFg
electrolyte at a sweep rate of 0.1 mV/s.
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Fig. 7. (a) Discharge curves for Li|LiCoO, cell with LiCoO; films an-
nealed in O, atmosphere at 500, 600 and 700°C for 2h, (b) discharge
capacity vs. cycle number of 500, 600 and 700°C-annealed films.

Discharge curves for a Li|LiCoO, cell using deposited
LiCoO; filmsare givenin Fig. 7(a). These cellswere assem-
bled using LiCoO, films that were annealed at 500, 600 and
700°C for 2h, respectively. Electrochemical measurements
were carried out at a discharge rate of 10 wA/cm? in the po-
tential range 4.25-3.0V. For the cell with a 700 °C-annealed
film, the open-circuit voltage (OCV) is 4.24V. After dis-
charging, the voltage decreases gradually and then reaches a
plateau near 3.9 V. This plateau is consistent with the CV re-
sult. After a capacity of 58.35 wAh/(cm? wm) is discharged,
the voltage drops rapidly. After reaching the cut-off volt-
age of 3.0V, the total capacity discharged is found to be
61.16 wAh/(cm? wm).

For the cell with a 600°C-annealed film, the OCV
is 4.24V. Such a high voltage indicates that an electro-

chemically active LiCoO, phase is also formed. The volt-
age drops noticeably as the discharge continues. A 3.9V
plateau is observed when the cell is discharged from 20
to 49 pAh/(cm? um). After the short plateau, the volt-
age decreases gradually. The total discharged capacity is
50.62 wAh/(cm? wm) which is much less then that for the
cell with a 700°C-annedled cathode film. These results
suggest that the annealing process is crucia for obtaining
electrochemically active LiCoO, with a well-crystallized
layered structure. When the film is annealed at 700°C, the
high temperature enhances the mobility of ions and results
in a greater extent of electrochemically active LiCoO; film.
Thus, a well-defined plateau is observed and a higher ca-
pacity is obtained. When the film is annealed at 500°C,
the layered LiCoO> is not well-crystallized. Therefore, the
3.9V plateau is not clearly observed and the capacity is
only 41.77 pAh/(cm? pum).

The cell discharge capacity with respect to cycle num-
ber is shown in Fig. 7(b). Because the extent of crys
tallization of LiCoO, film can be enhanced by a higher
annealing temperature, the discharge capacity increases
with increase in the annealing temperature. After long-term
charge—discharge tests, the capacity of a 700°C-anneaed
film decreases slowly. Compared with the initial discharge
capacity, the capacity loss is 25.1, 27.8 and 41.9% for the
700, 600 and 500 °C-annealed films after 50 cycles, respec-
tively. The capacity fading of LiCoO» films becomes worse
when the film is annealed at a lower temperature. When
the as-deposited film is annealed at a lower temperature, it
is reasonable to expect that the film might not completely
crystalize in a layered structure. Thus, some lithium ions
may not be able to migrate to the desired lattice sites dur-
ing the intercalation process. As a result, the amount of
electrochemically active lithium ions gradually decreases
on cycling. In a well-structured LiCoO> film, most lithium
ions can intercalate repeatedly into the lithium layer of
the rhombohedral lattice. Therefore, capacity fading is less
noticeable in the 700°C annealed LiCoO; film.

4. Conclusions

A nanocrystalline HT-LiCoOz film is obtained when the
filmisdeposited on a250 °C-heated Si substrate under a Po,
that ranges from 5 to 10mTorr. Both the as-deposited and
annealed films exhibit (104) preferred orientation. When
films are deposited at a Po, higher than 10mTorr or lower
than 5mTorr, a Co304 second phase is obtained in addition
to the LiCoO, phase. Therefore, the oxygen partial pres-
sure plays an important role in the phase formation of the
sputtered LiCoO» films. The degree of crystallization and
the electrochemical properties of the LiCoO; films are en-
hanced by increasing the annealing temperature from 500
to 700°C. The grain sizes of the films are about 60, 95
and 125nm after annealing at 500, 600 and 700°C for 2h,
respectively. The discharge capacity is about 41.77, 50.62
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and 61.16 wAh/(cm? wm) for 500, 600 and 700 °C-anneal ed
films, respectively. Furthermore, the corresponding 50th dis-
charge capacities are 58.1, 72.2 and 74.9% of the first dis-
charge capacity.
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