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Abstract

As-grown, amorphous LiCofcathodes grown using a sputtering system were annealed in the temperature range of B5Q+@{e0
an Ar and Q ambients, respectively, in order to obtain crystalline LiGaathodes. The resulting cathodes were then systematically
compared with respect to their charge—discharge properties. The post-annealing process updentzier® resulted in superior cycling
performance and thermal stability at high temperature than the Ar ambient. This effect is discussed in terms of grain boundary, surface
roughness, and the outdiffusion of oxygen.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction effects of annealing ambient on LiCg®©athodes during the

post-annealing process for rechargeable thin film batteries
A rechargeable thin film battery has great potential, in have not yet been systematically investigated.

terms of applications to electronic devices such as micro- Inthis paper, we report on a systematic investigation of the

electro-mechanical system (MEMS), smart cards, and mi- effects of the annealing ambient during the post-annealing

cro power sources for metal-oxide-semiconductor (MOS) of LiCoO, cathode films grown by the sputtering system.

capacitor[1-3]. A major reason for this is that it is com- The effects of annealing ambient during the post-annealing

pletely solid state, and no gas is generated during operation,process were compared with each other from the standpoint

and can be fabricated in a variety of shapes. of charge—discharge properties and thermal stability.

Crystalline LiCoQ is widely used as the cathode mate-

rial in secondary rechargeable lithium batteriés6]. This

ma_terial has_ a rhombohedral structure, with a hexagonal 2. Experimental

lattice, consisting of layers of close-packed oxygen ions

separated by alternating layers of Li and Co ions. Nearly | jcq0, films were grown using an rf magnetron sputter-

completely crystalline cathode films, for use in the thin film ing system on Pt (3000 A)/MgO (1000 A)/Ti (300A) cur-

batteries, have been grown using sputtering system followed,gnt collectors on Si(0 0 1) substrate, where the MgO and Ti

by post-annealing proce$g-10]. As-grown LiCoQ films served as the diffusion barrier and adhesive layer, respec-

grown by the sputtering system are amorphous. Therefore,tivewl The target was a 2in. LiCoOand the base pressure

a post-annealing process is required in order to obtain the,, 1< helow 5¢ 10-3 mTorr to eliminate impurities in the vac-

desired crystalline LiCo®film. Post-annealing is typically  ,,m chamber. The distance between the sputter gun and the

conducted at about 700-800 under air, @, or N2 [7,8].  gypstrate was 5 cm. Prior to LiCe@rowth, a pre-sputtering
We have previously examined the effect of the annealing eaiment was performed for 30 min at 80 W under Ar pres-

process for other materiali1] and concluded that the  gre in order to eliminate impurities on the LiCp@rget.
annealing ambient can lead to significant changes in the, jcq0, films were then deposited for 60 min at 80 W under
physical and electrical properties of materials. However, the 5 working pressure of 5 mTorr. The growth temperature was
about 10°C and the flow of Ar and @was 30 and 10 SCCM,
* Fax: +82-62-269-8016. respectively. The deposition rate was about 16.7 A/min. The
E-mail address: kws0720@hanmail.net (W.-S. Kim). initial, as-grown LiCoQ films were amorphous. To obtain
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the desired degree of crystallinity in the LiCe®Ims, the
films were annealed for 30 min at 650, 750, 800, 850, and
900°C under an Ar or @ ambients of 10 mTorr, respec-
tively. Before annealing the samples, the pressure of the an-
nealing chamber was reduced to below 20~3mTorr in
order to accurately compare the effects of the annealing am-
bient. The temperature overshoots were very smali°C)

and steady-state temperatures were achieved in 1 min. After
each post-annealing process, the LiGdidms were char-
acterized using a surface profiler-tep) for thickness, by
atomic force microscopy (AFM, Park Sci. & Instrument)
to evaluate surface roughness and surface morphology, and
by X-ray diffraction (XRD) for internal structure. All the
LiCoO;, films used had a thickness of Guin.

The electrochemical reversibility of Li intercalation in
LiCoO, films was measured by two-electrode cells and
charge—discharge cycler (WBCS 3000, Won-A Tech., Ko-
rea). A Lifoil and LiCoQ film were used as anode and cath-
ode, respectively. The electrolyte was 1 M L§SO; dis-
solved in propylene carbonate (P€)1,2-dimethoxyethane
(DME) (1:2) and all the cells were prepared in a dry room.
All the cells were cycled at room temperature. The cells
were initially charged to 4.2V at BA/cm? and held at
4.2V until the current decreased belowA/cm?. The cells
were then discharged from 4.2 to 3V apB/cm?. Finally,
the cells were charged and discharged at current rate of
10pA/cm? and cycled to 40 times.

Intensity, Arb.Unit

Intensity, Arb.Unit

3. Results and discussion

Fig. 1. XRD data for LiCoQ films annealed under (a) Ar and (b);O

Fig. 1shows XRD data for the LiCog¥ilms which were ambients, respectively.

annealed for 30 min under Ar (a) ancd @b) ambients, re-

spectively. The asterisk (*) peak positions are high-energy

peaks for the Si substrate, which are visible by high-flux The LiCoG films which were annealed at 890G showed a
X-ray equipment with a graphite monochromator. The medium shape between the discharge curves of crystalline
LiCoO; films were annealed at 73C for both ambienthad  and amorphous LiCo£films (not shown here), indicating
amorphous structure. Crystallization of the LiCo@ims an uncompleted crystallization of the LiCe@ilm. These
was observed at the temperatures above°8)@s well as films showed poorer rate performance than the crystalline
for the components of the current collector and the reaction LiCoOs films annealed at 85C. The differences between

peaks between them. the LICoG films annealed using Ar and Cambients will
Fig. 2shows the discharge curves as a function of current be discussed below.
rate for the LiCoQ films annealed at 750 and 8%0, re- Fig. 3 shows AFM data and images of LiCgQilms.

spectively, under Ar (a, b) andCc, d) ambientsFig. 2(a) Fig. 3(a)shows the root-mean-square (rms) roughness with
and (c)shows smooth discharge curves with no plateau, in- increasing annealing temperatures under Ar anca@bi-
dicating that the LiCo@ films annealed at 750C have an ents.Fig. 3(b)-(d)shows AFM images of the LiCofXilms
amorphous structure. In contragig. 2(b) and (d)shows annealed at 750 and 80Q under Ar (b, d) and ©(c, e), re-
discharge curves which are typical of crystalline LiGoO spectively. The surface roughness remained unchanged for
films and have plateaus at 3.93, 4.07, and 4.17 V indicating atemperatures up to 75€. When the annealing temperature
phase transformatidi®, 7]. Fig. 2also shows that crystalline  was increased above 800, however, significant surface
LiCoOs films have a better rate performance than amor- roughening was observed. The rms roughness had similar
phous LiCoQ films. The lithium diffusivity in crystalline values for temperatures above Surface roughening
LiCoOs film is higher than that of amorphous LiCg@Im leads to an increase in specific surface area. In addition, be-
[7], indicating that a crystalline LiCoffilm has a lower cause the diffusivitiesl) between surface, grain boundary,
cell resistance and, as a result, a better rate performance (seand lattice generally have the relationshipf > Dg, >
discharge curves for the current rates of 5 anguAm?). Diatt [12], surface roughening may increase the flux of Li
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Fig. 2. Discharge curves as a function of current rates for LiCHiéhs annealed at 750 and 850, respectively, under Ar (a, b) and,@c, d) ambients.

ions at the interfacerig. 3(b)—(d)clearly shows the surface films annealed at 800 and 850 under an @ ambient were

reconstruction or agglomeration of LiCe@t 800°C, indi- lower than that of LiCo@ films annealed under an Ar am-
cating that the LiCo@ films now existed in the crystalline  bient. This indicates that lithium oxides such as@imay
state. be formed on the surface of the high temperature annealed

Fig. 4 shows the initial coulombic efficiency (CE) (a) at LiCoOs, film under an @ ambient and that a simultaneous
an initial current rate of A/cm?, specific discharge ca- decomposition of the Li oxides occurred during the initial
pacities (b, c) at an initial current rate ofu®/cm? and at charging, because the Li oxides are decomposed above about
an initial current rate of 10A/cm? after SuA/cm? cycling, 1V [13,14] The issue of how the oxygen, formed by the de-
respectively. In the case of the Ar ambientHig. 4(a) the composition of Li oxides during initial charging, participates
initial CE was increased to 80C. We conclude that thisis  in the long-term cycling performance of the cell is studied
due to the increased active volume for Li insertion, as the underway.Fig. 4(b) and (c)shows that specific discharge
result of increased surface roughening and the phase transeapacities have quite high values, compared with the theo-
formation from amorphous structure to crystalline structure. retical value (70.6@.Ah/cm? um calculated for 0.5L]15]).

As the annealing temperature was increased from 800 toDudney reported that this could be the result of reactions
900°C, the initial CE was slightly decreased at 8&Dand involving lithium and the liquid electrolyt§l0]. Fig. 4(b)
significantly decreased at 90GQ, as shown inFig. 4(a) and (c) shows that specific discharge capacities were in-
This suggests that oxygen diffuses out of the LiGdilns creased to 800C for LiCoO; films annealed under an Ar
during the annealing at high temperature, which may causeambient due to easier insertion of lithium, as the result
cathode degradation. In contrast, the initial CE was grad- of increased surface roughening and the phase transfor-
ually increased to 90QC in the case of @ ambient. This mation, as mentioned above. However, at the temperatures
indicates that the outdiffusion of oxygen from the LiGCoO above 800C, the specific discharge capacity was slightly
film during the post-annealing process might be restricted decreased at 85€ and substantially decreased at 900
due to the decreased oxygen vapor pressure of the LiCoO for LiCoO films annealed under an Ar ambient, due to
films under the @ ambient. The CE values for the LiCeO  degradation of the cathode, caused by the significant out-
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Fig. 3. AFM data for the annealed LiC@Qilms: (a) rms surface roughness as a function of annealing temperature; (b)-(e) AFM images for the samples
annealed at 750 and 80G, respectively, under Ar (b, d) and,Cic, e) ambients.

diffusion of oxygen from LiCoQ films. Fig. 4(b) and (c) face roughness in the range of 800-900and the den-
also shows that specific discharge capacities were increasedity decrease of the grain boundary, which facilitates the
to 800 or 850C for LiCoO;, films annealed under an;O pathway of Li into LiCoQ films. Compared with the re-
ambient but were only slightly decreased at 900 Gen- sult relative to LiCoQ films annealed at 90CC under an
erally, the higher the annealing temperature, the larger theAr ambient, this clearly indicates that the post-annealing
grain size, indicating the decrease of the grain boundary process under anCambient restricts the diffusion of oxy-
density. A slight decrease in specific discharge capacity atgen out of the films and the degradation of the LiGoO
900°C may have occurred because of the similar rms sur- films.
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Fig. 5. Long-term cycling performance: (a) cycling performance for the samples shoWg.i, (b) discharge capacity retentioR4,1) for the LiCoG,
films with the annealing temperature.

Fig. 5 shows data on long-term cycling performance. an increase in cell resistance with cycling, in spite of the
Fig. 5(a) and (bshows cycling performance up to 40 times increased initial specific discharge capacities as shown in
for the samples shown iRig. 2 and the discharge capac- Fig. 4(b) and (c) In the case of the LiCo®film annealed
ity retention Rsq/1), ratio of 1-40 cycles, as a function at 900°C under an @ ambient,R4g/1 had a slightly lower
of annealing temperature, respectively. The capacity fadevalue than that annealed at 83D under an @ ambient.
phenomena during cycling are generally caused by inter- However, the LiCo@ film annealed at 900C under an
face degradation between LiCe@Im and the electrolyte,  Ar ambient was cycled up to 10 times and, then, not cy-
because the concentration variation of Li ions is the highest cled, due to the degradation of LiCedilm caused by
at the interface during the cycling [7Fig. 5(b) shows that the diffusion of oxygen out of the films, as mentioned
Ra0/1 is generally gradually decreased to 8&Din both above.

Ar and & ambients, due to the increased grain size and From the above discussion, the post-annealing process
surface roughening. The increased specific surface areaunder G ambient leads to better cycling performance and
caused by surface roughening, may stimulate interfacethermal stability at high temperatures, compared to the use
degradation to a great extent during cycling. This causesof an inert Ar ambient.
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