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Abstract—Copper-doped vanadium oxide (€40:) thin fim cathode materials for a thin film microbattery have
been prepared by DC reactive magnetron co-sputtering with @tio of 10/90 and compared with purgQ{ thin
film. The film structures have been characterized by x-ray diffraction analysis, transmission electron microscopy,
Auger electron spectroscopy and X-ray photoelectron spectroscopy. X-ray diffraction and TEM studies show that the
CuV,0; film was amorphous and phenomenal behavior of copper present in thin film with substrate has been ex-
plained by thermodynamical model. Copper doping helps to increase the thickness of the film more than 1 micrometer
resulting increase of total capacity. Cycling behavior of th&/ @y/Lipon/Li configuration cell system was beyond
500 cycles with average capacity of p®h/cm?-um, which is higher than the pure® thin film system.
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INTRODUCTION Jeon et al., 1999]. Shimizu et al. [1993] reported that the cycling
performance of the crystalling®; appears to be irreversible when
With the advanced development in micro-processing and mateelischarged below 2.3V vs. Licorresponding to an intercalated
rial science, electronic devices were miniaturized, resulting in lowlithium amount of X= 1 in Li,V,0;. McGraw et al. [1998] reported
current consumption. However, the development of these devic¢hat the amorphous films grown by both pulsed laser deposition
systems has more technical problems than a conventional devicéPLD) and plasma enhanced chemical vapor deposition (PECVD)
One of the most important things is the fabrication of a small-sizedexhibited excellent capacity asthbility over extended number of
power source to operate devices, according to reduction of deviceycles. West et al. [1993] reported that the vanadium oxide xero-
size. That is, a small or micro size power source is necessary to ogels appear to be good alternatives to sputtered films, although the
erate very small electronic devices. For example, a thin film micro-capacity for Li insertion is lower. Recently, Coustier et al. [1997,
battery fabricated directly onto a semiconductor chip package cat999] reported that the xerogel films or aerogel-ike powders showed
save 100 to 1,000 times the volume required by conventional coiighly reversible L intercalation with addition of some metals,
cells. Therefore, it is a promising alternative micro power source,such as copper and silver. Also, they proved that the amorphous
since the typical thin film process can miniaturize it. The microbat-forms of vanadium bronzes had high electronic conductivity and
tery not only has high energy and power densities, but also can biae porous structure was needed to reduce the diffusion limitation
fabricated in arbitrary shapes and any required size to satisfy spepon lithium insertion. All-solid-state lithium batteries based on
cific requirements. In addition, it does not have aqueous electroV,O; thin films for both electrodes were fabricated by Baba et al.
lytes, which forms dendrite phases during charge-discharge praf1999] by using the solid electrolyte as lithium phosphorous oxy
cesses, resulting in high cycle performance after cycling thousandsitride (Lipon). Jeon et al. [2000] showed that the capacity of the
of times. All-solid-state microbatteries have the advantages of lowin-situ sputtered ¥OJ/Lipon/Li cell was higher due to reduction
self-discharge, high stability, broad working temperature range, anéh interfacial resistance between electrode and solid electrolyte. Al-
the easy fabrication of designed forms, which could be applied tahough, Lim et al. [2000] already reported that the amorphous va-
contactless smart card, medical and health care, and microelectroadium oxide was appropriate cathode material in a room temper-
mechanical system (MEMS) [Bates et al., 1993]. Amorphous vanaature process, it was hard to grow film thickness above 4,000 A to
dium oxide has been recognized as a promising cathode materiacrease the total capacity. In this work, Cu-doped vanadium oxide
for thin film lithium secondary batteries or electrochromic devices thin fim cathode for all-solid-state lithium rechargeable microbat-
due to their high insertion of the lithium ions over the crystalline tery was fabricated to increase film thickness abqua by a DC
forms [Passerini et al., 1997; Le et al., 1995, 1996; Lim et al., 2000reactive magnetron co-sputtering. Although, Coustier et al. [1997,
1999] already reported the copper and silver effectsdy Y exists
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structure, film morphology and the electrochemical behavior is pur-under nitrogen atmosphere. Target was fabricated by lithium phos-
sued. Characterization of all-solid-state microbattery was considereghate power (Aldrich, 99.9%). Powder was ball-milled for 24 hours
by sequential Lipon solid electrolyte and lithium thin film deposi- after calcination at 85€. Pressed target at 100 kgffcim addi-

tion. CyV,O; thin film cathodes showed higher capacity and cycle tion of 5wt% PVA binder was sintered at 960for 3 hours. In

life, which proves that the Cu-doped0/ thin film could be good  spite of sputtering in pure nitrogen, the surface of tiieQ.itarget

alternatives to the pure vanadium oxide films. became dark black and seemed to be nitrided. For the AC imped-
ance measurements ss/Lipon/ss (ss : stainless steel) sandwich struc-
EXPERIMENTAL ture were fabricated on corning glass substrate with a Lipon thick-

ness of 1.4im and a junction area of 1.2x1.2%cifhe thickness

Cu-doped vanadium oxide thin films were prepared by DC re-of the Lipon film was greater than the fit to avoid shorting be-
active magnetron co-sputtering on stainless steel current collectotyeen the two current collectors. To measure the stability window
which was coated on corning glass substrate at room temperatureith lithium metal contact, lithium metal was deposited by thermal
The base pressure was 5%T@rr. The deposition pressure of ar- evaporation equipment in a dry-room. All-solid-state thin film mi-
gon and oxygen mixtures during deposition was maintained at 8xcrobattery was fabricated by thermal deposition of lithium metal
102 Torr, while the Q/Ar ratio was 10/90 and total gas flow rate onto solid electrolyte as an anode. The total thickness of the cell
was 14 sccm. To minimize the poisoning effect of the metal targetvas less than gBm and the cells were gold coated for the protec-
surface, oxygen gas inlet was connected through the ring type tubiion to air and also used as a current collector. Constant current galva-
closed to the substrate. The substrate was rotated at 10 rpm to imestatic charge/discharge tests were performed (Wonatech, WBCS
prove the film uniformity. Before deposition, pre-sputtering was 3000).
carried out under argon atmosphere for 20 min with 4-inch vana-
dium (Pure Tech.) and copper (Cerac) target. A schematic diagram RESULTS AND DISCUSSION
of the experimental apparatus is shown in Fig. 1. Film morphology
and thickness were determined by field emission scanning electron Film surface was relatively smooth and adhered to the stainless
microscopy (FE-SEM Hitachi S-4100). The structures of the films steel substrate tightly based on a tape test.
deposited at room temperatures were analyzed by X-ray diffraction Fig. 2 shows the XRD pattern of the as-deposited thin film. No
analysis using Cu tKradiation (XRD, Rigaku). Auger electron spec- crystalline peaks of the vanadium oxide were shown. The sharp
troscopy (AES, Perkin Elmer PHI-670), X-ray photoelectron spec-peak at 4%4represents the stainless steel (ss) substrate, and it is es-
troscopy (XPS) was used to compare the vanadium, oxygen antimated that this thin film has the amorphous Cu-doped vanadium
copper contents from the as-deposited thin films. For the prelimi-oxide phase. The amorphous structure was also confirmed by TEM.
nary tests of cathode material, cells were assembled with lithiumThese properties are a result of ion-bombardment induced surface
foils (Cyprus) as the counter and reference electrodes and 1 M LiPFnobility of deposited atoms on the substrate. In general, it is known
in EC:DMC (1: 1, Merck) electrolytic solution. Separators were that the crystallites grow perpendicular to the substrate plane with-
polyethylene-based membrane (Ube). All cells were assembled inut significant voids for the effect of self-bias in the case of RF than
the dry-room below65.5°C of the dew point. Lipon thin film solid  the DC reactive sputtering. Actually, it was difficult to obtain a com-
electrolytes were deposited on Cu-doped vanadium oxide thin filmplete amorphous phase thin film when the RF power was applied
at room temperature by RF magnetron sputtering of&®| farget in the oxygen inlet condition. However, the amorphous Cu-doped
thin film could be easily obtained with high deposition rate by using
DC reactive magnetron sputtering.
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Fig. 2. X-ray diffraction pattern of the Cu,V,Os thin film. ss : stain-
Fig. 1. Schematic diagram of co-sputtering system. less steel substrate.
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Fig. 3. Scanning electron micrographs of the surface and cross-sectional (a), (BPvyand (c), (d) CyV,Os thin film.

Fig. 3 compares surface and cross-sectional SEM images of pul 1
V,0; and Cu-doped XD; thin film. It was observed that the fibrous ool ]
crystalline film with porous surface grow rapidly after 4,000 A, while 8ol 1
the amorphous structure could be deposited to only 4,000 A in pur
V,0; thin film as shown in Fig. 3(a) and (b). It is difficult to clarify ~ & 70f
which region is amorphous or crystalline by SEM. Thus, we usec £ 60 f
the TEM analysis and proved the above SEM images. Such phe g 50 -
nomena could be described as target poisoning effect on react < m
sputtering as a result of gradual oxidation of vanadium target sur € -
face under the oxygen atmosphere. That is, oxidation of target su § s
face caused the loss in sputtering rate, resulting in increasing rea 20
rangement probability of ad-atoms on the substrate and then cry: 10l
talline nucleation occurred. These nuclei could grow easily, mak- o _
ing hard to grow amorphous®;, thin film thicker than 4,000 A. It 0 5 10 15 20 25 30 35
made the total storage of charge and energy limited. However, C Sputter time / min

addition to O, improved the growth of amorphous thin film, and
the surface is relatively smooth and highly uniform, which shows
the 30-50 nm wide grains as shown in Fig. 3(c) and (d). We could

increase the total thickness up to i without any crystalline

growth. It was supposed that sputtered Cu played a role of an ad- Fig. 4 shows the AES depth profile of the as-deposited Cu-doped
ditional getter pump for excess oxygen, so the thickness of amowranadium oxide thin film. It is confirmed that the vanadium and
phous CyV,0; thin fim could be increased aboverh by adding oxygen exist uniformly from the surface, and it could be estimated
Cu into \,O;. Such features make the total discharge capacity highethat the film consists of XDs, for which O/V ratio is close to 5/2 of

than that of pure Y. Also, the surface control in thin film battery atomic percent. The amount of doped copper was less than 1 atomic
is very important, because the surface roughness increases; the pgarcent homogeneously toward the depth direction, while the copper
contact between the solid electrolyte and anode could cause the shodntent increased in the interface with the substrate. AES data con-
problems as well as current concentration on the spot of the higfirmed that thin film consisted of X2; in the surface region through
energy density. Cu-doped vanadium oxide thin film and good ad-XPS analysis; the difference of binding energy between V 2p3/2
hesion to the stainless steel substrate (6,000 A). and V 2pl/2 was 7.5 eV, although we could not detect the copper

Fig. 4. Auger electron spectroscopy depth profiles of the Q4,05
thin film.
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bonding state for low analysis depth of about 10-100 A. Generally, o : surface energy, erg/ém
the film surface has high surface energy compared to inner phase,
and it could be explained that copper oxide diffuses into substrat&hus, sufrace compositions are a function of surface energy, and
to maintain stable energy state during deposition, for which vanaalloy profiles in a thin film layer could be estimated theoretically. If
dium atom has relatively higher oxygen bonding energy than Cuve assume, is a surface energy of copper oxide, copper oxide
atom. This is due to decrease of film surface energy. Such phediffuses from film surface to substrate for its high surface energy
nomena could be explained by thermodynamical model in a binarghan vanadium oxide.
system proposed by Overbury et al. [1975], Wen et al. [1979] and Fig. 5 shows the time vs. potential profile in the range of 1.5-
Burton et al. [1975]. 3.6V (vs. Li/Li") of (a) pure VO, and (b) CW/,O; thin film in a
half-cell system. Fig. 5(a) shows the typical crystallin®\dis-
charge potential profile, which had various phase transformations
XGIX3=X3IX? exp[,— 0,)a/RT] (0-, &-, &, y-, ) as shown in Fig. 3(a). However, Cu-dope@y
Where, X® : atom fraction if | in the surface (or bulk) thin film was different from amorphous vanadium oxide cathode
. , . which was explained in earlier report [Jeon et al., 2000; Lim et al.,
3=(0A/0%); 1. 1;.o; partial molar surface area of | species assuming  »0q) \while the S-shaped broad potential drop could be shown con-
a=a=a tinuously for general ¥, cathode materials. That is, first slow po-
B. Regular solution tential decrease appears until 2.7V (vs. Lj/and then rapid po-
tential drop is detected in the Cu-doped vanadium oxide case. Also,
another slow slope appears lower than 2.1V (vs.’LilThe shape
of the curve is similar to the spinel type lithium manganese oxide
Where| : fraction of nearest neighbors to atom in the plane  cathode. Also, the potential profile decrease was less than the typical
m : fraction of nearest neighbors below the layer contain-V,0, cathode material. The exact mechanism is not known clearly,

A: Ideal solution

XX P=XIX1 expl0,~0,)a/RTlexp[{Q( +m)IRT{(X 1)~ (X)%}
+QIRT{(X >~ (X)]

ing atom but it is supposed that this potential profile could be due to the cop-
Q=2{E,;~(Es+E)/2}=AH,,./X.X, : regular solution pa-  per oxidation states, i.e., from*Cio Cu and from Cuto metallic
rameter Cu as reported by Taketa et al. [1991] and Andrukaitis [1997].
z : total number of nearest neighbors Fig. 6 shows the cycling behavior of theXCxDs/Lipon/Li type

full cell in the range of 1.5-3.6V, and it was compared to a typical
V,O4/Lipon/Li from our previous work [Jeon et al., 2000]. The ionic
conductivity of Lipon solid electrolyte was measured by blocking
electrodes and its value was 1.02%8cm at 258C with compo-
sition of Li, /PO, N, It can be shown that the Cu-doped vana-
dium oxide type cell is more stable than that of origin&;\sys-

tem beyond 500 cycles [Coustier et al., 1999; Miyazaki et al., 1999;
McGraw et al., 1999]. Both cells showed an initial discharge capac-
ity near 8QuAh/cn-um and a slow capacity decay, while the-Cu
V,0; system was stabilized after 150 cycles. Furthermore, at cur-
rent density of 5QA/cn to CyV,0;, system was higher than the
pure V,O; system of 2QA/cn?.
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Fig. 5. Potential profiles of the (a) crystalline pure VO; and (b) Fig. 6. Cycling behavior of the CyV,O4/Lipon/Li and V ,O4Lipon/
Cu,V,0;s thin film cathode in the cycle. Li type full cell in the range of 1.5-3.6 V.
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