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Abstl~ct-Copper-doped vanadium oxide (C%V205) thin film cathode materials for a thin film microbattery have 
been prepared by DC reactive magnetron co-sputtering with OJAr ratio of 10/90 and compared with pure V205 thin 
film. The film structures have been characterized by x-ray diffraction analysis, transmission electron microscopy, 
Auger electron spectroscopy and X-ray photodec~-on spectroscopy. X-ray diffraction mad TEM studies show that the 
Cu, V2Os film was amolphous 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 the Cu~V2Os/Lipoi~/Li configuration ceil system was beyond 
500 cycles with average capacity of 5 0 txAh/cm2-gm, which is higher than the pure V205 thin film system. 
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INTRODUCTION 

With the advanced deveIopment in micro-processing and mate- 
rial science, elec~-onic devices were minia~0hzed, resulting in low 
current consumption. However, the development of these device 
systems has more technical problems than a conventional device. 
One of the most inaportmlt things is the fabrication of a small-sized 
power source to operate devices, according to reduction of device 
size. That is, a small or micro size power source is necessary to op- 
erate very small elec~-onic devices. For exm-nple, a thin f~-n micro- 
battery fabricated directly onto a semiconductor chip package can 
save 100 to 1,000 times the volume requked by conventional coin 
cells. Therefore, it is a promising altemative micro power source, 
since the typical thin film process can minial~ize it_ The microbat- 
tery not only has high energy and power densities, but also can be 
fabricated in arbitz-m-y shapes and any reqv~ed size to sa~sfy spe- 
cific reqv~ements. In addition, it does not have aqueous electro- 
Iytes, which fozTnS denchite phases during charge-discharge pro- 
cesses, resulting in high cycle performance aPcer cydtng thousands 
of times. All-solid-state microbatteiies have the advantages of low 
self<tischarge, high stability, broad worhng temperature range, and 
the easy fabrication of designed forms, which could be applied to 
coi~0:actless smart card, medical and health care, and microelectro- 
mechanical system (lVIEIVIS) [Bates et al., 1993]. Amorphous vana- 
dium oxide has been recognized as a promising cathode material 
for thin film lithium secondary batteries or eleclrochromic devices 
due to their high insertion of the Iithkrn ions over the crystalline 
forms [Passe~ini et al., 15~Y7; Le et al., 1995, 1996; Lin~ et al., 2000; 
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Jeon et al., 1999]. Shimizu et al. [1993] reported that the cycIing 
performance of the crystalline V205 appears to be in-eve~ible when 
discharged below 2.3 V vs. Li § corresponding to an intercalated 
lithium amount o fx  "". 1 in Li~V2Q. IvlcCnaw etal. [1998] reported 
that the amorphous films grown by both pulsed laser deposition 
(PLD) and plasma enhanced chemical vapor deposition (PECVD) 
exhibited excellent capacity and stability over extended number of 
cycles. West et al. [1993] reported that the vanadium oxide xero- 
gels appear to be gocd altematives to sputtered films, although the 
capacity for Li insertion is lower. Recently, Coustier et al. [1997, 
1999] reported that the xerogeI films or aerogeI-like powders showed 
highly reversible Li § intercalation with addition of some metals, 
such as copper and silver. Also, they proved that the amorphous 
forms of vanadium bronzes had high electronic conductivity and 
the porous s~ucture was needed to reduce the diffusion Iknitation 
upon lithium inserlJorL All-solid-state lithium batteries based on 
V2Q thin films for both eleclrodes were fabricated by Baba et al. 
[1999] by using the solid electrolyte as Iithiuan phosphorous oxy 
nitride (Lipon). Jeon et al. [2(100] showed that the capacity of the 
in-situ sputtered V2Os/LipoigLi cell was higher due to reduction 
in interfacial resistance between electrode and solid electrolyte. AI- 
thorgh, Lim et al. [20(10] already reported that the amorphous va- 
naclium oxide was appropiiate cathode mateiial in a room temper- 
a~,~re process, it was hard to grow film thickness above 4,000 A to 
increase the total capacity. In this work, Ca-doped vanadium oxide 
thin film cathode for all-solid-state lithium rechargeable microbat- 
tery was fabricated to increase film thickness above 1 to-m by a DC 
reactive magnetron co-sputteiing. Although, Coustiea et al. [1997, 
1999] already reported the copper and silver effects in V205, it exists 
in metallic state and different fi-om our experiments. In addition, 
copper distribution in a vanadium oxide thin f~n was it~a~esfigated 
fi-om thermodynamicaI point of view. Characteristics of a spv~er- 
deposited thin film Cu~V2Os electrode of reversible capacity and 
cycle performance are described. A better understanding of the film 
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smacture, film morphology and the electrochemical behavior is pur- 
sued. Characterization of all-solid-state microbattery was considered 
by sequergAal Lipon solid eleca-olyte and lithium thin film deposi- 
tion. Cu~V~Q thin film cathodes showed higher capacity and cycle 
life, which proves that the Ck~-doped V~Os thin film could be good 
alternatives to the pure vanadium oxide films. 

EXPERIMENTAL 

Cu-doped vanadium oxide thin films were prelmred by DC re- 
active magne~ron co-sputtering on stainless steel current collector, 
which was coated on coming glass subs~-ate at room temperature. 
The base pressure was 5 • -~ Tolx The deposition pressure of ar- 
gon and oxygen mixtures during deposition was maintained at 8x 
10 -~ ToE, while the Q/At  ratio was 10/90 and total gas flow rate 
was 14 sccm. To minimize the poisoning effect of the metal target 
surface, oxygen gas itflet was com~ected through the ring type tube 
closed to the substrate. The substrate was rotated at 10 rpm to im- 
prove the film ~miformity. Before deposition, pre-sputtering was 
carried out under argon a~rnosphere for 20 mm with 4-inch vana- 
dium (F%tre Tech.) and copper (Cerac) target A schematc diagram 
of the experhnentaI aplmrams is shown m Fig. 1. Film morphology 
and thickness were determined by field emission scarming electron 
microscopy (FE-SEIvl Hitachi S-4100). The structLtres of the films 
deposited at room temperatures were analyzed by X-ray dill-action 
analysis using CuKcz radiation (X2D, Rigaku). Auger electron spec- 
~-oscopy (AES, Perkin Elmer PH1-670), X-ray photoelec~-on spec- 
h-oscopy (XPS) was used to compare the vanadium, oxygen and 
copper contents fi-crn the as-deposited thin films. For the prelimi- 
naly tests of cathode material, ceils were assembled with Iit~?z-n 
foils (Cyprus) as the counter and reference electodes and 1 M LiPF~ 
in EC: DMC (1 : 1, Merck) elec~rolytic sokaor~ Setmrators were 
polyethylene-based membrane (l_Poe). All cells were asse~-nbled in 
the @-room below --65.5 ~ of the dew point_ Lipon thin film solid 
elec~-olytes were deposited on Ca-doped vanadium oxide thin f~-n 
at room temperature by RF magnetron sputtering of a Li:PO4 target 
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Fig. 1. Schematic diagram of co-sputtering system. 
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under ni~ogen ah-nosphere. Taget was fabricated by lithium phos- 
phate power (Aldrich, 99.9%). Powder was ball-milled for 24 hoLrs 
after calcmation at 850 ~ Pressed target at 100kgf/cm 2 m addi- 
tion of 5 wt% PVA binder was sintered at 950 ~ for 3 hours. In 
spite of sputtering m pure nflrogen, the strface of the Li3PQ target 
beca'ne dark black and seemed to be ni~-ided. For the AC imped- 
ance measurements ss/Lipon/ss (ss : stainless steel) sandwich s~c -  
ture were fabricated on coming glass subslrate with a Lipon thick- 
ness of 1.4 t.u-n and a junction area of 1.2xl.2 cm 2. The thiclaless 
of the Lipon film was greater than the 1.2 brn to avoid shorting be- 
tween the two current collectors. To measure the stability window 
with lithium metal contact, lithium metal was deposited by then-hal 
evaporation equipment in a @-room. All-solid-state thin film mi- 
crobattery was fabricated by them~aI deposition of lithium metal 
onto solid eleca-olyte as an anode. The total thickness of the cell 
was less than 6 t~m and the celIs were gold coated for the protec- 
tion to ~- and also used as a current collector. Constant current galva, 
nostatic charge/discharge tests were performed (Wonatech, "vVBCS 
3000). 

RESULTS AND DISCUSSION 

Film surface was relatvely smooth and adhered to the stainless 
steel subs~rate tightly based on a tape test. 

Fig. 2 shows the Xg~) pattern of the as-deposited thin film. No 
crystalline peaks of the vanadium oxide were shown. The sharp 
peak at 440 rev-esents the stainless steel (ss) substrate, and it is es- 
timated that tt~ thin film has the amorphous Ca-doped vanadium 
oxide phase. The amorphous s~lcture was also confn-med by TEM. 
These properties are a result of ion-bombarchnent induced surface 
mobility of deposited atoms on the substrate. In general, it is known 
that the crystallites grow perpendicular to the subsa-ate plane with- 
out significant voids for the effect of self-bias in the case of RF than 
the DC reactive sputtenng. Actually, it was difficult to obtain a com- 
plete amorphous phase thin film when the RF power was applied 
m the oxygen inlet condition. Howevez; the amorphous Ca-doped 
thin film could be easily obtained with high deposition rate by using 
DC reactive magneh-on sputtering 
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Fig. 2. X-ray dh~-action pattern of the Cu~V205 thin film. ss : sta~n- 
less steel substrate. 
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Fig. 3. Scmming electron micrographs of the surface and cross-seclional (a), (b) V2Os and (c), (d) CM~V2Os thin Film. 

Fig. 3 con~pares surface and a'oss-sectional SEM images of pure 
V205 mid Cu-doped V2Q thin film. It was observed film the fibrous 
crystalline film with porous surface grow rapidly after 4,000 A, witile 
the rnoiphous slructure could be deposited to only 4,000-3- in pure 
V:O5 thin film as sho~vn in Fig. 3(a) mid (b). It is difficult to ch i fy  
which region is aulolphous or aysm[line by SEM. Thus, we used 
the TEM analysis aud proved file above SEM images. Such phe- 
nomena could be desaa~oed as trget  poisoning effect on t~eactive 
sputtering as aresult of gradual oxidation ofv~ladium target sur- 
face under file oxygen atmosphere. That is, oxidation of tin'get sur- 
face caused file loss in sputtering rate, resulting in increasing te~r- 
rmlgement probability of ad-atoms on file slabslrate aud then crys- 
talline nucleation occuxred. These nuclei could grow easily, mak- 
ing had  to grow mn~phous V2Os thin fihn thicker than 4,000 fi~ It 
made file total storage of charge and energy linlited. Howeva, Cu 
addition to V205 hnproved file growfll of mnoxphons thin fihn, and 
the surface is relatively smooth aud highly unifonn, which shows 
the 30-50 mn wide grains as sho~wl in Fig. 3(c) and (d). We could 
increase file total thichless up to 1.4 Pin without r ly  crystalline 
growtk It w~s supposed that sputtered Cu played arole o r a l  ad- 
ditional getter pump for excess oxygen, so the thickness of amor- 
phons Cuy205 thin film could be inax~sed above 1 pan by adding 
Cu into V20~. Slactl feaures Inltke file total discharge capacity higher 
than that of pure V205. Also, the surface control in thin film b~ery 
is very inlpottaut, because the surface roughness increases; the poor 
contact bm~eeen file solid elec~lyte aid anode could cause the short 
problems as well as current concentt~ion on the spot of the high 
energy density. Cu-doped vanadium oxide thin film and good ad- 
hesion to the stainless steel substtate (6,000 A). 
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Fig, 4. Auger electron Sl~eCa-Oscopy depth profiles of the Cu~V20~ 
thin l - l~ .  

Fig. 4 shows the AES depth l~file of  the as-deposited Cu-doped 
vanadium oxide thin film. It is confmned that the vanadium and 
oxygen exis~ uniformly fi~n file san'face, and it cauld be estimated 
tha file film consists of V2Os, for which O/V ratio is close to 5/2 of  
atomic percent. The amount of doped coppa'was less than i aomic 
pement hcmogeneously towa'd file deFth direction, while the copper 
content increased in tile interface with the subs~e.  AES data con- 
fnmed that thin film consisted of V20~ in the surface region ttwough 
XPS aualysis; the difference of binding energy between V 2p3/2 
mid V 2pl/2 was 7.5 eV, although we could not daect file copper 
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bonding state for low a~alysis depth of about 10-100 A. Generally, 
the film surface has high surface energy compared to imer phase, 
and it could be explained that copper oxide diffuses into substrae 
to maintain stable enet~r state during deposition, for which vana- 
dimn atom has relatively higher oxygen bonding energy thai Cu 
atom. This is due to decrease of film surface enetgy. Such phe- 
non~ena could be explained by thennodynmnical model in a binmy 
systetn pmposedby Overbuty et al. [1975], Wen et al. [1979] and 
Burton et al. [1975]. 

A: Ideal solution 

x~/xf=x?/xt oxp[(o,- o~)~al 
Where, X~ ~) : atom fraction i f I  in the surface (or bulk) 

~=(~A/~.)~,~,~.,o; partial molar surface area ofI  spedes assurrfing 

al=a2=a 

B. Regular solution 

X~YXi~=X?/X( exp [(Cry- ~ )  aYRT]exp [{ a(Z + m) }/RT{ (X~y - (X~y } 
+~tqZtT{(X~y- (X~y}] 

Where, [ : :fraction of  nearest neighbors to atom in the plane 
m : ti~action of  nearest neighbors below the layer contain- 

ing atom 

~=z{E,2-(Eu+F_~)/2}=AI~,.~.~X,X2 : regular sohfion pa- 
rameter 

z : total nunlber of  nearest neighbors 
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Fig. 5. Potential plot-ties of the (a) crys~afline pure V~Os m d  (~) 
C~V~O~ thin flint cathode in the cycle. 

o " surface energy, erg/cm: 

Thus, satfi'ace compositions are a function of  surface enetgy, and 
alloy profiles in athin film layer couldbe estimated thcoretically. I f  
we assume (Yl is a surface energy of copper oxide, copper oxide 
diffuses fi~m film s~-face to subsWote for its high surface energy 
than vanadium oxide. 

Fig. 5 shows the time vs. potential profile in the range of 1.5- 
3.6V (vs. Li/Li +) of(a) pure V2Os and (b) C u y 2 Q  thin film in a 
half-cell system. Fig. 5(a) shows the typical crystalline V2Os dis- 
charge potential profile, ~vhi& had vaious phase tm~sfommfions 
(c~-, e-, ~-, T', co-) as shown in Fig. 3(a). Howevet; Cu-doped V~Os 
lhin film was d i t lh~ t  fi,om amotphons vanadium oxide cathode 
which was explained in earlier report [,leon et al., 2000; Lira et at., 
2000], while the S-shaped h~oad potential drop could be show~ con- 
tinuously for general V2Os cathode maerials. That is, fast slowpo- 
tential decrease appears until 2.7V (vs. Li/L?) and fl~en tNoid po- 
tmtial d,op is detected in the Cu-doped vanadium oxide case Also, 
another slow slope appears lower than 2.1 V (x~s. Li/Li~). The shape 
oflhe curee is similar to the spinel type lithium manganese oxide 
cathode. Also, the potential profile decrease was less thin the typical 
V~Os cahode material. The exact med~anmn is not known clearly, 
but it is supposed that this potential profile could be due to the cop- 
pet'oxidation states, i.e., fi'ona Cu ~ to Cu § and fi'ona Cu § to metallic 
Cu as reported by Taketa et al. [1991] and Andrukaitis [1997]. 

Fig. 6 shows the cycling behavior of  the Cuy~Os/Lipon/Li type 
full cell in the ~m~ge of 1.5-3.6 V, and it was compared to atypical 
V~OgLipon/Li fi~m our previous work [Jeon et at., 2000]. The ionic 
conductivity of Lipon solid electrolyte was measured by blocking 
elecWodes and its value was 1.02• -e S/en~ at 25 ~ with compo- 
sition of Li2~PO~No.Ts. It can be shown that the C-M-doped vana- 
dimn oxide type cell is mote stable than that of  original V20~ sys- 
ton beyond 500 cycles [Coustier et at., 1999; Miyazaki et 01, 1999; 
McC~rw et at, 1999]. Both cells showed an initial discharge capac- 
ity near 80 ~r and aslow capacity decay, wtfile the Cu;  
V20~ system was stabilized atier 150 cycles Furthermore, a cur- 
rent density of  50 OAJcm ~ to Cuy20~ system was higher than the 
pure V20~ system of 20 ~k/cm 2. 

1 ~'p#,i.t~'~a.i: li 

Fig r 6. Cycling behavior oflhe Cu~V~OdLipoWLi and V~OdL~pon/ 
Li type full cell in the range of 1 .~3 .6  V. 
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Fig. 7. Rate capability of  the Cu,V20  s fifth film caflmde in a half- 
cell system. 

In the evaluation of battery performance, a rate capability is 
known as an important factor. It was performed in half-cell system 
of Cu~V~OJl M LiPF6 in EC : DMC(1 : 1)/Li and the results are 
shown in Fig. 7. At high eva'rent density, above 50 blA/crn~, it shows 
stable cyclability and gocd capacity recovery. From these results, 
we proved that the C'u, V2Q thin film cathode has high reversible 
Li § intercalation/deintercalation capability. 

C O N C L U S I O N S  

CM-doped vanaditrn oxide thin film cathode was fabricated by 
DC reactive inaglletron co-sputte~Lng and compa-ed to pure VaOs 
thin fRrn. k showed an amorl:hOUS s~c~re  and remarkably dik'f~rent 
voltage profiles compared to typical V~O~ thin f~-n, which showed 
a slow voltage decay until 2.7 V vs. Li/Li § It was possible to in- 
crease film thickness above 1 micrometer with copper doping, re- 
sulOng in increase of total capacity, while it was hard to grow VaOs 
thin film thicker than 4,000 ~, because of target poisoning effect 
&ruing reactive spvaenng. The copper content, which was increased 
in the interface with the substrate, was explained by thea~nodyr~n- 
ical model. Cycling behavior of the O,~,VaO s based cell system was 
stabilized after 150 cycles of 50 btAh/ca-nLN-n and this value is higher 
than the Iithitrn cobalt oxide or Iithitrn manganese oxide cathode 
materials. It could offer a possible alternative microbattery system 

than typical V20s cathode material. 
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