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Films 

Abstract-Barium and strontium titanate films were dectrochemically synthesized onto Ti thin film prepared by 
RF sputtering. Applied current waveform was modulated to investigate the film growth mechanism. Superimposed 
cathodic pulses accelerated tile f01mation of titanate thin films, and both tile electrode surface pH and (Ba >, Sr ~+) ion 
size had a sb011g ilffluence oil film f01mation. Titanate film f01~nation mechanism was investigated with a scanning 
electron microscope, an X-ray diffractometer and an dectrochemical quartz crystal microbalance (EQCM). In-silu mass 
change of Ti electrode during electrolysis indicated that electrochemical method sets a limit to film growth. 

Key w01-ds: Barium Str011tium 11tanate, Hectrochelnical Method, C~nerlt Pulse V~avef01m, Hectrochenfical Quartz C1ys~al 
Microbalance, Film Growth 

INTRODUCTION 

Barium and strolNum titanate thin films are considered as pro- 
spective candidates fox- dlaxge st01-age DRAM capacitors bemuse 
of their high dielectric constant [Batmlert et al., 1 998; Otilsuka et 
al., 1985]. Thin films have been manufactured by radio frequency 
(P_F) sptaelmg, chemical vapor deposition, and physical vap01- de- 
position [Pasierb et al., 1998; Takestmna et al., 1 997], whidl require 
high temperature dumg tile film deposition [Tsuzu!d et al., 1998]. 
Recently, low-telnperature techniques such as electrochemical [Veni- 
galla et al., 1995; Bendale et al., 1 996], hydrothermal [Hoffinann 
et al., 1997; Xu et al., 1996; Seo and Kong, 2000; Seo and Kong, 
2000], and hydrotilennal-electrochemical [Kajiyoshi et al., 1996] 
methods have been developed to synthesize the crystalline titanate 
tilin filins such as BaTiO3, SrTiO3, Ba~Sr(~_~TiO3 on Ti metal foil 
surface. 

Based oil tile ptkase stability diagram in tile system of Ba-Ti-H20, 
BaTiQ is predicted to be tile stable phase above pH 1 2 [Bacsa et 
al., 1998]. Therefore, the electrochemical synthesis method requires 
a higher pH soluti011 prelmred by tile addition of pH ent~lcer into 
baritml hydroxide soluti011. Previous results [Bendale et al., 1996] 
showed that the addition of NaOH deteriorates the dielectric prop- 
exty of tile syntilesized film. An alternative method is required fox- 
maintaining the surface pH high during the film formation without 
adding pH enhancer. 

Results of BaTiQ formati011 oi1 tile anodicaUy grown titanium 
oxide indicated that the variations of Ti oxide thickness and the state 
of pre-existitg Ti oxide film affect significantly tile BaTiO3 fonna- 
lion [Xu et al., 1996]. Since a tilick anodic fllin hinders tile dec- 
trocheraical fonnati011 of homogeneous and taifonn titanate flhn 
[VenigaUa et al., 1995], tile removal of natul-al oxide film prior to 
the electrochemical syr~hesis is very important. Conventional oxide 
removal methods, such as mechanical and/or chemical polishing, 
have a limitation in obtaitmg a unifonn surface [Kajiyostfi et al., 
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1 995; Yoshimum et al., 1998]. In order to minimize the complexity 
caused by tile presence of Ti mtta-al oxide film and to detennine 
the possibility of the preparation of thin film capacitor electrodes 
for electronic devices, sputtered Ti thin flhns were used as a sub- 
stmte electrode instead of titanitml foil. 

In this work, Ti thin film grown by the RF sputtering was used 
as a subsli-ate electrode, and file nlodulation of applied cun-ent wave- 
fonn was adopted to investigate the effect of surface pH in tile fox-- 
mation of  titanate thin films. 

EXPERIMENTAL 

Glass subsli-ates with dinlensions of 10•215 ram 3 were used to 
prepare titanium thin films. To remove organic impurities of the 
glass surface, glasses were ultm,sonically cleaned in acetone solu- 
tion for 15 min and, in D.I water for 1 0 mitt 1 bun-thick Ti film was 
deposited oil tile glasses by RF raagnetron sputtering equipment 
(Korea Vacuum Tecb, KVS-T4560) and used as a working dec- 
trade. Platinum plate was used as a counter electrode and Ag/AgC1 
(sat. KC1) was used as a reference electrode. Electrolyte was pre- 
pared by using reagmt gx'ade Ba(OH)2"8H20 and Sx(OH)2"8H20, 
and electrodeposition was camed out at 85 ~ 

Applied CUlrents or potentials were raodulated with potentiostat/ 
galvanostat (PAR273A) and the resulting potential and current vari- 
ations were raeasured with a high speed vollmetex (Keifffley 2000). 
Sinmltaneous mass change of Ti film electrode during electrodepo- 
sition was in-siN measured with an dectrcchemical quartz crystal 
microbalanoe (EQCM, Seiko EG&G QCA917). Ti quartz elec- 
trode prepared by sputtering was purchased from Seiko EG&G. 

Surface m01phology and crystal stmcttue of tile synlhesized thin 
films were investigated with a scanning electro11 raicroscope (SEM, 
Hitachi S-4200) and an X-ray diffractometer (XRD, Phillips DY616). 

RESULTS AND DISCUSSION 

Ti thin film prepared by RF sputtering on the glass substrate has 
been used as a substrate electrode. Fig. 1 shows the linear sweep 
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Fig. 1, Lnlear sweep v~ltmninograln and hvs~Tn measurement of 
dedrode  mass drayage. 

voltammogram (LSV) and the zn-~/~ mass change ofTi eleclrode 
during eleOrodepasition in the solution of  0.5 M Sr(OH)~ at 85 ~ 
As file potential increases, the anodic current increases slowly up 
to 1.6V and increases rapidly above 1.6V. Relevant anodic reac- 
tions are [Kajiyoshi et al., 1996], 

Ti :.- ~11~++4 e +~o 310~ (1) 

40I-I- > O~+ 2I-I~O+4 e (2) 

and the initial slow ctarent increase is due to the oxide fdm formed 
by reaction (1). With the increase ofpotential, OH- on Ti electrode 
participated in reaction (2) and the oxygen gas evolutions were de- 
teaed At the same tkne, OH- reacted chemically ~ TiO2 and the 
weight ofTi eleclrode was change~i The potential-fi~quency (p-f) 
curve of Fig. 1 shows an Ln-~g2 mass change ofTi fikn eleclrode 
ulrich was measured by E Q C M .  Since the mass change el'the dec- 
trode (AM) is directly related to fiequency shift (At) (Sanettley equa- 
tion) [Hori et al., 19831, 

A f ~  Cy AM, where Cr I-Iz/Bg 

Fig. 1 indicates that the weight of Ti electrode inmeases continu- 
ously with m increase of  potential but the eleclrode mass-increase 
rae  (i.e., the slope of the p-f  curve) changes in the vic in~ of 1.2 
and 2.0 V. Despite a ~bstanfial differenee in the amount of anodic 
cmrent, the eleclrode mass-increase rate, ~Z 09 og/V, is compara- 
ble below 1.2 V (zone I) and above 2.0 V (zone TIT), but it decreases 
to 0.82 pg/V a 1.2-2.0 V (zoneII). 

The variation of mass-increase rae  with potential mentioned is 
the result of  the reaction ocmrring on eleclrode surface including 
reactions (1) md (2). It can be interpreted with the SrTiO~ forma- 
tion since the X-r~  ~ t o g r a m  obtained after LSV confirms the 
formation of crystalline SrTiO> In the same eleclrolyte, Fig. 2 shows 
that SrTiO~ crystalline fikn is formed at 0.3 V after 300 s. Since the 
main reaction occtnmg at 0.3V is the formation of TiQ, it indi- 
cates that T iQ  was converted into SrTiO~ crystal structure ~r ing 
eleclrolysia Mass-increase rate change in Fig. 1 shows that the for- 
mation of SrTiO~ film on Ti eleclrode is composed of two-step reac- 
tiona Initially, formed TiC5 is lransforrned into ametastable oxide 
(or hydroxide) phase which S ~  in solution can be incorporated imo. 
During this phase change, oxygen evolution starts and the partial 
dissolution ofmetastable phase cruses the sfght decreme in the rams- 
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Fig. 2. SrTiO3 l'llm f o m e d  at 0.3V after 300 s. 
(a) ~rface morphologr (b) X-ray diffraction parma 
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Fig. 3. X-ray diffraction p~Ierns when dilI~eltt cmrent wavef~ims 
were applied to form BaTiO3. 
(a) o m s t ~  c t ~ t  density (io=25 mA/an ~ for 60 s), (b) oar- 
rerl pulse wavefonn ( i ~ 2 5  rnAJcrn ~, t~=2 s; i~=25 mAJcm 2, 
L=4 s for 90 s) 
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inerea~e r~e above 1.2V. Elearode mass-increase rate in zone III 
is supposed to resull~om the formation of SrTiO3 thin film on Ti 
eleclrode surface. After film formation, the diffusion of OH- and 
1-I20 to the Ti surface is retarded and TiO2 formation at the inter- 
face between SrTiO3 film and Ti electrode can be suppressed. On 
the other hand, O2 evolution becomes a dominant reaction at the 
surface of strontium titanate films. Similar eleclrode mass-increase 
rate between below 1.2 and above 2.0 V is because of the famdaie 
efficiency for TiO2 formation affecting the mass increase by SrTiO3 
formation decreases rapidly above 2.0 V. It uill be discussed later 
in detail. 
1. Format ion  of  B a T i O  3 F i lm and S r T i O  3 Film 

Two different cmrent waveforms were usedto synthesize BaTiO3 
and SrTiO3 films. Fig. 3(a) shows an x-my diffraction pattern ob- 
tained after constant anodic oarrent density of 25 mA/cm 2 was ap- 

n, I 

, ! "  

n~. - I  

Fig. 4. Surface morphology d~mlSes of Ti decWode with diffeeent 
CUITent waveforms.  
(a) ~dsposited "It films by RF spmtering, fo) anoO~c aurert 
~ y  (25 rnA/an 2 for60 s), (c) am'ent pulse wavefmn (i~=-25 
mA/cm 2, t~=2 g i~=25 mA/cm 2, t~= 4 s for 90 s) 
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Fig. 5. Applied o w I ~ t  pulse waveform (Valiable~ L, L, I~, and 1L). 

plied in 0.5 M Ba(OH)2 solution for 60 s, md echibits only Ti metal 
pe~:s. Fig. 4(b), which is the SEM picture of  the corresponding film, 
indicates tha the grain boundaries of  Ti became smoother than as- 
deposited RF sputtered Ti films of Fig. 4(a) This may result from 
the formation of  amorphous titanhm oxides. However, when the 
pulse current waveform of Fig. 5 (total anodie time=60 s) was ap- 
plied, sphere-like BaTiO3 s t ruc tu re  of Fig. 4(c) was synthesized and 
its crystallinity was v~it'ied by XRD [Fig. 3(b)]. Compared to the 
previous result [Bendale et al., 1996] that BaTiO3 was formed with 
elec~'olysis time of longer than 300 s, the results mentioned above 
m~:mgly suptx~ that cahodie pulses have the effect of increasing the 
rate ofBaTiO3 fmnation. Since hydroxide ions were generated from 
the reduction of water r cathodic pulses [Bard and Fanlkner, 
1980], 
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Fig. 6. X-ray diffrac~on patterns when diffwent currmt wavefonns 
were applied to form SrTiO3. 
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pulse wavefcrm 0~=-25 rnA/an ~, [.--2 s; i~=25 mA/an 2, t~=4 s 
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Fig. 7. Morphologies ~" eleetrodeposited SrTiO~ fires ~ diller- 
mt current waveforlnS. 
(a) anodic current only (25 mA/cm ~ for 6o s), (b) cment  Ixtlse 
wavefmn ( i ~ 2 5  mA/~n ~, t~=2 s; i~=25 mA/crn ~, t~=4 s for 
90 s) 

2H20+4e > H2 + 2OI-I- 0)  

a cathocHe pulse increases the pH ofTi eleca-ode surface and it func- 
tions favorably to transform TiQ formed during onodie pulses into 
BaTiO3. That is, surface pH in the vicinity of  the elee~ode has a 
greaer influence on the formation of BaTiOs then bun solution pI4 
However, both constant and pulse current waveforms result in the 
formation of SrTiOs for 60 s of  total onodie time. Figs 6 and 7 in- 
dicate that file crystallinity and average grain size of SrTiO3 increase 
vshen pulse wavefonn is used. 

Both BaTiQ and SrTiCb eonldbe readily prepared by using cath- 
odic pulses w~hout adding a pH enhancer, such as NaOI-I, but the 
effect ofeahodie pulses was significont in BaTiO3 fikn formation. 

Since pH of 0. 5 M St(OH)2 and 0.5 M Ba(OH)2 is 11.2 and 13.1, 
respectively, at 85 ~ the concentrations of OH- and cation (Ba 2+ 
or Sr 2+) are higher in Ba(OH)2 than in St(OH)2 solution. When the 
effect o fpH is solely considered, BaTiOs is expected to be formed 
more readily film SrTiOs because file rate of  Tie2 phase l~dnsfor- 
mation into metastable phases is accelerated ~ith increase in pH 
[Bendale et al., 1996]. However, coatraty to expectations, compar- 
ison of  Fig. 3a and 4b shows that BaTiO3 was not formed for 60 s 
of  electrolysis. In addition to the slructul~ change of  Tie2 ~ pI-I, 
mability of Ba 2+ and Sr > ions inside solution and synthesized titmate 
films con be considered as an additional factor for film formation. 
Since the size e lBa 2+ (0.143 nm) is bigger filon St 2+ (0.127 nm) [SCh- 
affff et al., 1995], it is expected that Ba 2+ moves slowly in solution, 
and the inward diffusion of B~ + into metastable phases can pro- 
ceed slowly. Akhough intermediate titanium oxides are assumed 
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the synthesis of SrTiO3. 

Table 1. Total faradaic efficiency* during different time spml of 
electrolysis 

Electrolysis lime Total faradai c efficiency 

0-40 s 1.12% 
40-180 s 0.32% 

180-480 s 0.024% 

*Assumption: Ti thin film was converted into SrTiO3 only. 

to be less stable in ahigh pH solution, lowmobility e lBa  2+ retards 
the rate of  BaTiOs formation, ~hile St > can be easily incorporated 
into metastable intermediate phases at relatively low pH. 

Fig. 8 show an W - ~  mass change of  Tithin film elecca~de ~,~ahen 
constant odrrem density of  25 mA/em 2 is applied in 0.5 M Sr(OI-I~ 
Faradaie effieieneies obtained fi~m the mass changes of Ti elec- 
trode are shown in Table 1. Faradaie eJtieieneies are defined as the 
mass of depasited materials during electrolysis divided by the theo- 
retically deposited mass of materials The mass ofTi fikn electrode 
has rapidly increased in the esrly stage, slowly ina~eased after abont 
40 s, and remained constant after 400 s Fig. 9 shows the mass end 
potential variations during initial 40 s of  elecl~olysis. Rapid poten- 
tial increase is due to the insulating Tie2 fonnation by reaction (1), 
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lion of Ti M 0.5 M Sr(OH)~ at 85 ~ 
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which leads to the increase of elecWode mass (i. e ,  decrease offie- 
quency) After 0.5 s of eleeWolysls, potential increases slowly, but 
the eleclrode mass decreases, as indicated in Fig. 9. Such amass  
variation st~ports that Ti02 formed in the indpient stage vca~ par- 
tially dissolved as it Irmffonned into the metastable phase in highly 
alkaline solution. This is in accordance ruth the observation shown 
in Fig. 1. In the domain of shouAng the nudeation and gmulh of 
SrTiO~ (0-40 s), its faradaic efficiency reaches 1.12%. However, 
after the film has been formed, the increase in electrode mass de- 
creases rapidly, mdmost  of the applied torrent is consumed by reac- 
tion (2), not conlributing to the groulh ofSrTiO~ fikn. As the result, 
the faradaic efficiency at 180 s is about 0.32% with increasing the 
film thickness, md the faradaic efficiency ~ops finally to 0.024%. 
]'he reason for arapid decrease in faradaic efficiency is assumed to 
be that the access of I-I20 and OH- required for fikn g ro~h  at 
TiOJSrTiQ interface is significantly suppressed by initially formed 
films, andthus film stops growing [Kajiyoshi et al., 1995]. 
2. Ba~Sro_~)TiO~ Formation 

Ba~Sro_JiO~ thin fikns were synthesized by using a constant 

Fig. 10. 

| 

3~§ 30 .5  31+0 3.1.6 32.0 3 2 ~  33 ,0  

X-ray dti~actogrmns of Bafir (101) with differ- 
eat sohltion compositions and current waveforlUS (Ba: Sr 
means the ratio of Ba(OH~ to St(OH)2 ~n dedi'cl~te. 
Electrolysis thne=300 s). 
(a) BaTiO3, (b)Bafiro_~TiO3 (Ba : Sr=l : 1, pulse wavefoml), 
(c) Ba~Sro_,310~ (Ba: Sr=l : 1, anoc~c only), (d) Ba~Sro_~)TiO 3 
(Ba : Sr=l :3, pulse wavefonn), (e) ea~Sro_,TiO ~ (Ba : St= 
1 : 3, anodic only), (f) sfrio3 

anodic ~ t  under various mole l~ios of Ba(OI-I)2 to Sr(OH)~ 
Although the concentrmion of Ba~ is higher thin that ofSr ~ because 
of the higher solubility ofBa(OH)2, Ba/Sr r~io in the film formed 
on Ti is always lower than that in solution [Kajiyoshi et al., 1996]. 
Fig. 10 shows the 20 changes ofBa~Sr0_~)TiO 3 (101)plane accord- 
hag to the making-up changes of solution. It reveals that the pulse 
veaveform has no great effect on the crystallinity. In a mixed solu- 
tion of Ba(OH)2 and Sr(OH)2, the solution pH is lower than asingle 
Ba(OH~ solution but higher than a single Sr(OH)2 solution. Since 
the r~e of St ~ inclusion is faster as described earlier, it is supposed 
that the abserved behavior is quite dependent on S# ,  lint independ- 
ent of Ba 2+. The effect of cathodic pulses wns minimized for the 
s a m e  r e a s o n .  

Deposited film thickness is measured by partially ranoving Ba~ 
Sr0_~TiO3 film, and Fig. 11 shows the boundaries between the sub- 
strate and deposited film. Fig. 12 is a capacitance-frequency curve, 
showing that the capacitance of the Ba~Sro_~TiO3 film decreases 
rapidly with fiequency. Dieleclrie constant offikn is estimated to 
be 150 uahen the film thickness is 700nm and electrode areais 0.1 
cm 2. Its dieleclric propmy is fimilar to the vevioas results obtained 
by electrochemical hyd~othermal method [Bacsa et aI,  1996]. 

Fig. 1L Ba~Srl_~TiO3 films prepared with 1 : 3 ratio of Ba(OH)~ 
to Sr(OH)2 (Electrolysis tnne=600 s). Films were par- 
tially removed. 
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Hg. 12. Capacitance of Ba~Sro_~TiO3 films prepared with 1 : 3 
ratio of Ba(OH)2 to Sr(OH)2 vs. frequency (Electrolysis 
thne= 600 s). 
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CONCLUSIONS 

In this work, Be- and St-based titmlate thin flhns were electro- 
chemicaUy synthesized and the flhn growth m echai~m was inves- 
tigated Substrate Ti dectrode was prepared by RF magnetron sput- 
tering. Mass change &uitg file titmlate flhn growth suggested a two- 
step reaction mechanism: the formation of Tie2 and the following in- 
sertion ofBa >, $1 ~+ into metastable Ti oxides or Ti hycbxide phases. 
Superimposed cathodic pulses accelerated the fomlation of titanate 
films by increasing the surface pH of Ti electrode. Mobility ofBa > 
and Sr 2+ ions inside bofll solution and syrNlesized fitarlate films has 
a significant effect on fihn growttl. As file ff~ickness oftitanate flhn 
increases, OH- and Ba 2§ diffusion is severely blocked to tile Ti/(Ba, 
Sr)TiQ film interface and file growth of film is finally stopped Its 
dielectric property is commensurate with the film property pre- 
pared by other low temperature solution mefll~ls. (Be, Sr)TiO3 thin 
conlpact films were successfully prepared onto file Ti thin film pre- 
pared by RF magnetrorl spugcering, and these results provide another 
route to the manufactumlg of thin flhn dielectric matelials for capac- 
itors. 
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