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Abstract—The equilibrium concentrations of the chemical species in a Ba-Sr-Ti-C-H-O system, corresponding to a
liquid source chemical vapor deposition (LSCVD) process used in the preparation of barium strontium titanium oxide
(BST) films, were determined by thermodynamic calculations. Ba(dipivaloylmethar@d@lipivaloylmethanatg)
and Ti(tetra-isopropoxide) were assumed as the metal sources, and tetrahydrofuran (THRsahe Golvent and
oxidant, respectively. An increase in the amounts of THF, a major source of graphite production, significantly increases
the equilibrium concentrations of metal oxides and carbonates in the system. On the other hand, an increase in the O
content decreases the graphite content and increases the amount of carbonates. Based on these results, the conditions
for an LSCVD process that produces minimum amounts of carbon impurities in a BST film were identified as a function
of the process temperature and th&'BF ratio. The results of the equilibrium calculations are in reasonable agreement
with experimental data, which indicates that the results can be used as a basis for identifying LSCVD conditions needed
to prepare BST films with defined compositions.
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INTRODUCTION employing an oxidation gas. However, the optimization of process
conditions for the LSCVD is not a simple task and, thus, it is nec-
High dielectric constant materials, such as Pb(Zr; TD{et al., essary to systematically study the decomposition mechanism of the

1993; Hioki et al., 1999], (Pb,La)(Zr, Ti)Adachi et al., 1986; Sa- metal precursors and the equilibrium composition of the deposited
mara, 1998], SrTiQ[Fuchs et al., 1999], and (Ba,SnTiBST) film.

[Kawano et al., 1993] are considered to be promising candidates In this study, based on the thermodynamic properties of the feed
for the fabrication of a capacitor in Gigabit dynamic random accessompounds, we calculated the equilibrium composition of a BST

memory devices. film grown by the LSCVD process. The effects of solvent and oxy-

Chemical vapor deposition (CVD) is one of the methods usedgen on film composition were studied, and the conditions for mini-
to prepare such films because it has good step coverage, high datizing the contamination of the BST film by carbon impurities are
position rate, and good uniformity in thickness and compositionproposed based on the results.

[Miyasaka, 1995; Kim et al., 2000]. However, the CVD has draw-

backs as well. For example, it requires stable metal sources with a CALCULATIONS

high vapor pressure [Chandler et al., 1993]. Hence, several research-

ers proposed an alternative deposition method using a liquid source One method for calculating the equilibrium compositions of a
[Kawahara et al., 1994, 1995; Yamamuka et al., 1996; Kang et alchemical system is to minimize the total free energy of the system
1996], which can be obtained by dissolving metal sources in an apnder the constraint that the total mass and amounts of individual
propriate solvent, e.g., tetrahydrofuran (THF). atomic species are conserved.

The liquid-source chemical vapor deposition (LSCVD) method  In this study, a software program, SOLGAS-MIX PV, was used
allows the successful control of film composition by adjusting the with minor modifications. The algorithm to calculate the equilib-
feed recipe but, at the same time, flm contamination derived fronrium composition in this program is well known [Eriksson, 1971,
carbon species contained in the solvent occurs [Kawahara et aBesmann, 1977]. A JANAF database was used as a source for ther-
1995; Yamamuka et al., 1996; Kang et al., 1996; Kim et al., 2003]Jmochemical data related to the chemical species in the system [Stull
To avoid this contamination problem, researchers have attempteand Prophet, 1978; Chase, 1982].
to optimize the process conditions by changing the feed ratio and Ba(dipivaloylmethanatg) Sr(dipivaloylmethanatg)and Ti(tetra-

isopropoxide), which are common precursors used in the fabrica-
"To whom correspondence should be addressed. tion of BST films, were f:onsidered as metal sources, Qrmm
E-mail: shmoon@surf.snu.ac.kr tetrahydrofuran as an oxidant and solvent, respectively, in the analy-

*Present address: Samsung Electronics Co. Ltd., San #24, Nongseo-$iS Of the Ba-Sr-Ti-C-H-O system. The metal precursors are usu-

Giheung-eup, Youngin-city, Gyeonggi-do 449-711, Korea ally noted as Ba(dpm)Sr(dpmy, Ti(O-+Pr),, respectively. The chem-
*This paper is dedicated to Professor Hyun-Ku Rhee on the occasioftal species considered for the calculations were 67 gaseous and 62
of his retirement from Seoul National University. solid or liquid species, as listed in Table 1.
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Table 1. Chemical species considered in thermodynamic calculations

Phase Chemical species

Gas phase Ba BaOH Bad) BaH Sr SrO SrOH Sréhl,
Ti TiO TiO, C CH CH CH,O CH,0,
CH; CH,OH CH,O CH, CH;OH CO CcQ C,
CH CH, CH, CH, CH.O, CH.O,  GCH; CHe
C,H:OH CHOCH;, C,0 G C;H:,O n-C;H, i-C;H, C;Hg
1-CH.OH CO0, C, C,HO, n-C,H,, i-C,Hyo Cs CsHs
CHsO CHs CsH:OH CHs CeHys n-CgH,q i-CgHys 0-C;,H,
CiHyo H HCO HO, H, H,O H,O, o
OH o, O,

Condensed phake Ba(A) Ba(B) Ba(C) Ba(L) BaO(S) BaO(L) Ba#,(S) BaQH,(L)
BaC(S) BaCQ(A) BaCQO(B) BaCQ(C) BaH,(A) BaH,(B) BaH,(L) BaO,(S)
BaTiO,(A) BaTiOyB) BaTiO(C) BaTiO(S) BaTi;O(Sy Sr(A) Sr(C) Sr(L)
SrO(S) SrO(L) SrgH,(S)  SrQH,(L) SrC,(S) SrCQ(A) SrCO(B) SrHL(S)
SrO,(S) SITIOS)  SeTiO,(1) SiTi;O(S) SkTiO4(2) Ti(A) Ti(B) Ti(L)
TiC(S) TiC(L) TIO(A) TiO(B) TiO(L) TiO,(RU)  TiOLL) Ti,O4(A)
Ti,04(B) Ti,O4(L) Ti;O4(A) Ti;O4(B) Ti;O4(L) Ti,0AS)  TiO/(L) TiH ,(S)
TiOL(S) CHy(L) CHifl)  H,O(S) HO(L) C(GR)

S, A, B, C, 1, and 2=solid phases, L=liquid phase, RU=rutile, GR=graphite.
*The thermochemical data of B&0,(s) were assumed to be the same as thosgTof(Hy(s).

The ratio of metal sources in the feed was fixed at Ba: Sr: Ti=
1:1:2in this study because our previous analysis of the Ba-Sr-Ti
C-H-O system [Han et al., 1995], which was made for the case o
utilizing no solvent, indicated that the above ratio yields a BST film
containing equal amounts of BaTiénd SrTiQ, that is, a compo-
sition that yields a maximum dielectric constant of the film [Kawano
et al., 1993]. The amounts of THF anda well as temperature
were varied to examine their effects on film composition. Unlike
the previous study [Han et al., 1995], the temperature was varie
between 500 and 1,000 K in this study because it is the commo
range of temperatures employed in many studies of MOCVD. The
partial pressures of the metal sources in the feed were assumed
be unaffected by changes in the amounts of THF andv®ne- F
glected all the species that were present in the system in amour 104k
of less than 1@mol in the thermodynamic calculations because :

Equilibrium mole

their contribution to the total free energy would be insignificant. pot— N

500 600 700 800 900 1000
RESULTS AND DISCUSSION Temperature (K)

Fig. 1. Equilibrium concentrations of individual species in the Ba-

1. Effect of Temperature Sr-Ti-C-H-O system (Initial condition: Ba,Sr source=1 mal,

1'1-'30"‘1 and Gas Produpts o . o Ti source=2 mol, THF=60 mol, Q=50 mol); l: graphite,
Fig. 1 shows changes in the equilibrium concentrations of indi- @®: (Ba,SNTiO., A: (Ba,SnCO,, ¥: CO, ¢: CO,, €4: CH,,
vidual species in the Ba-Sr-Ti-C-H-O system as a function of tem- »:H.,0,[]:H,.

perature for a feed composition of Ba: Sr: Ti: THE=D: 1: 2:

60:50. (Ba,Sr)TiQrepresents the mixture of BaTi@nd SrTiQ,

and (Ba,Sr)CQrepresents the mixture of BaCahd SrCQ most the same as that of (Ba,Sr)l&b500 K, but significantly de-
Graphite is obtained as a major species at temperatures beloareases with an increase in the temperature, eventually becoming

600K, but CO(g) and ¥u) eventually become dominant when smaller than TOmol at temperatures above 800 K.

temperature is raised to above 800 K because the oxidation of the The above results can be compared with those of Han et al. [1995],

hydrocarbon species originating from the THF and metal sourcevhich were obtained for the same Ba-Sr-Ti-C-H-O system includ-

ligands is enhanced at the elevated temperatures. On the other haimdj relatively small amounts of C, H, and O, and no solvent in the

the amount of (Ba,Sr)Tidemains relatively constant in the tem- feed. For the sake of convenience, the system used in this study will

perature range used in this study. The amount of (Ba,$i3GD be designated as Case | and that of Han et al. [1995] as Case Il. The
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following differences can be observed between the two cases. Grap
ite was obtained in large amounts at all temperatures in Case |, bi
was not observed at temperatures above 800K in Case Il. Carbo
ates, as represented by (Ba,SpQ@re not observed at tempera-
tures above 800 K in Case |, but were observed at all temperature
between 500 and 1,000 K in Case Il. The amounts of (Ba,Sr)TiO
remained nearly constant at all temperatures between 500 and 1,0
Kin Case I. On the other hand, the concentrations of oxides increast
with an initial increase in the temperature up to 600 K and then re
mained nearly constant at higher temperatures in Case Il. The origi
of the above discrepancies between the two cases is obviously ti
presence of large amounts of THF andrOCase |. THF was a
major source of graphite and €ffectively eliminated (Ba,Sr)CGO
at temperatures above 800K in Case .
1-2. Compounds Containing Ba and Sr

Fig. 2 shows changes in the equilibrium amounts of compounds
containing Ba or Sr in the solid state as a function of temperature
The amount of BaC{s comparable to that of BaTi@t 500 K
but rapidly decreases with an increase in the temperatures SrC
shows a trend similar to BaG@n the other hand, the amount of

BaTiQ, increases slightly as the temperature is raised from 500 K
to 600 K and then remains constant at higher temperatures. The con-

centrations of SrTiQand SfTi,O,, are lower than those of BaTjO
but show a similar trend as was found for BaTiCs noteworthy
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CFig. 3. Equilibrium amounts of graphite in the BST film obtained

from the Ba-Sr-Ti-C-H-O system (Initial condition: Ba,Sr
source=1 mol, Ti source=2 mol); GTHF=M: 0.8, @:
17,A:25V: 42 @:6.7.

that BaTi,O,, is not produced in the temperature range considerectreasing the OTHF ratio and at elevated temperatures. As a result,

in this study.
In summary, Fig. 2 indicates that BaJi@hd SrTiQare two ma-

graphite is completely eliminated when théT@F ratio is 2.5 and
at temperatures higher than 800 K. It is also interesting to see that

jor compounds that are stable in the temperature range between 560 graphite was found at the/THF ratio of 6.7 over the whole
and 1,000 K, which is in contrast to other compounds such as,BaCQange of temperature.

and SrCQ
2. Effect of G,
2-1. Graphite Formation

2-2. (Ba,Sr)CQFormation
Unlike the case of graphite, the amounts of the carbonate spe-
cies, i.e., BaCQand SrCQ are increased with the,/OHF ratio.

Fig. 3 shows that the amount of graphite is decreased with inCarbonate formation is suppressed at elevated temperatures, the

Equilibrium mole
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Temperature (K)
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Fig. 2. Equilibrium concentrations of chemical species containing
Ba or Sr in the Ba-Sr-Ti-C-H-O system (Initial condition:
Ba,Sr source=1mol, Ti source=2 mol, THF=60 mol, 8
50 mol); l: BaTiO,, @: SITiO,, A: BaCO,, ¥: SrCO,, @:
Ba,TiO,, 4: Sr,TiO, P : Sr,Ti,Oy.
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same trend as in the case of graphite. Accordingly, the solid phase
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Fig. 4. Equilibrium concentrations of metal carbonates in the BST
film obtained from the Ba-Sr-Ti-C-H-O system (Ba,Sr
source=1 mol, Ti source=2 mol); QTHF=M: 0.8, @:
17,A:25V: 42 @:6.7.
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termine whether or not graphite is present and the concen-
trations of carbonates included in the BST film;Mll: [Kawa-
hara et al., 1994],@: [Kawahara et al., 1996],A : [Hori-
kawa, 1998],¥ : [Kawahara et al., 1999],4: [Joo et al.,
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Fig. 5. Changes in the Sr/(Ba+Sr) ratio in the BST film obtained
from the Ba-Sr-Ti-C-H-O system (Ba,Sr source=1 mol, Ti
source=2 mol);@®: same data for Q/THF=0.8, 1.7, 2.5, 4.2,
6.7.

contains negligible amounts of carbonates, less thamdles, when
the Q/THF ratio is smaller than 1.7 and the temperature is highetthe BST fim corresponding to a specific process condition. The
than 900 K. other is to identify the process conditions for obtaining a film that
The results shown in Figs. 3 and 4 indicate that the amounts ofontains no graphite and minimum amounts of carbonates.
graphite and carbonates show opposite dependences with respecit may be argued that the conditions derived from Fig. 6 cannot
to the Q/THF ratio. These species are two major sources of carbe directly used as those for the CVD process because Fig. 6 was
bon impurities contained in the BST films and therefore should beobtained based on a thermodynamic analysis, which assumes that
suppressed to obtain a highly dielectric film. For this reason, a sysindividual species in the system are in equilibrium with one another,
tematic analysis of the CVD process is heeded to identify the conwhereas typical CVD processes are cartied out under conditions
ditions for minimizing the production of carbon impurities. far from the equilibrium. Due to the non-equilibrium nature of the
2-3. Ba-Sr Ratio CVD process, the amounts of individual species obtained in the CVD
Fig. 5 shows that the Sr/(Ba+Sr) ratio in the BST film, which is process are different from those estimated by thermodynamic anal-
comprised of (Ba,SnTiQ)(Ba,SnTiO,, and (Ba,SkYi:0,, is main- yses. The following two factors contribute to this difference. One
tained constant at 0.5, in the temperature range of this study, and iis that access of the species to and from the substrate surface is re-
independent of the AHF ratio. Accordingly, the Sr/(Ba+Sr) ratio  tarded by limitations in their mass transfer rates. The other is that
is unaffected by the £@ontent, unlike the cases of graphite and car- reactant species are continuously supplied into a flow system, which
bonate formation. The reason for why the Sr/(Ba+Sr) ratio in theis the case for most CVD processes, while the amounts of the spe-
BST film is constant independent of the €dntent is believed to  cies are fixed in a closed system, which is the model used in the
be due to the high thermal stability of the titanates. That is, Sr anthermodynamic analysis.
Ba titanates are extremely stable such that their amounts in the con- Nevertheless, the thermodynamic analysis is useful because it
densed phase are determined largely by the amounts of Sr and Beovides a first-hand guideline for selecting optimum conditions
components included in the system. In this study, the Sr/(Ba+Srjor the CVD process. To examine the validity of this argument, we
ratio in the system was 0.5 and, consequently, the same ratio wanotted the process conditions reported in previous studies [Kawa-
obtained in the BST film. hara et al., 1994, 1996, 1999; Horikawa et al., 1998; Joo et al., 1999]
3. Process Conditions in Fig. 6, as a function of the temperature and fieHP ratio. Since
Fig. 6 shows a boundary curve defining the two regions of CVD n-butyl acetate, instead of THF, was used as a solvent in the work
conditions, which determine whether or not graphite is formed inof Joo et al. [1999], we plotted their conditions as a function of the
the BST film. Carbonates are always included in the film but theirO/C ratio. Details of the experimental conditions used in the previ-
amounts vary, depending on the process conditions used. Brokesus studies are listed in Table 2.
lines in the figure define conditions for yielding specific carbonate It is noteworthy that all the previous studies were made under
concentrations, which increase with an increase in the temperatugraphite-free conditions, as suggested in this study. The concentra-
and the @THF ratio, as presented in Fig. 4. tions of the carbonates, which were obtained by thermodynamic
The above results can be used in two ways. One is to estimatealculations for the conditions used in the previous studies, also fall
the amounts of carbonates and examine the presence of graphiteimthe same range as those predicted in this study. Considering the
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Table 2. Process conditions used in previous experimental studies for preparing BST films

Conditions o/C Temp. (K) Ratio of metal sources Sr/(Ba+Sr) in
[Reference] P in the feed (Ba : Sr: Ti) the BST film

Ba(dpm)/THF (0.1 mol/L) 0.15 criimin
Sr(dpm)/ THF (0.1 mol/L) 0.15 criimin
TiO(dpm)/THF (0.1 mol/L) 0.3 cniimin
O, flow: 4 sim

N,O flow: 2 sim

[Kawahara et al., 1994]

Ba(dpm)/THF (0.1 mol/L) 0.04 criimin
Sr(dpm)/ THF (0.1 mol/L) 0.03 criimin
TiO(dpm)/THF (0.1 mol/L) 0.5 cniimin
O, flow: 4 sim

N,O flow: 2 slm

[Kawahara et al., 1996]

Ba(dpm)/THF (0.1 mol/L) 0.04 criimin

Sr(dpm)/THF (0.1 mol/L) 0.03 criimin

TiO(dpm)/THF (0.1 mol/L) 0.5 cniimin 3 693 1:0.75:125 0.5
O, flow: 1 slm

[Horikawa, 1998]

Ba(dpm)/THF (0.1 mol/L) 0.04 criimin

Sr(dpm)/ THF (0.1 mol/L) 0.03 criimin

Ti(t-BuO),(dpm)/THF (0.1 mol/L) 0.5 criimin 2 700 1:0.75:125 0.5
O, flow: 1 slm

[Kawahara et al., 1999]

Ba(dpm)-tetraglyme (0.15 mol/L)
Sr(dpm)-tetraglyme (0.15 mol/L)
Ti(O-iPr),(dpm), (0.4 mol/L)
solvent: n-butyl acetate

source flow: 0.1 ml/min

O, flow: 200 sccm

[Joo et al., 1999]

5 753 1:1:2 0.57

10 693, 773 1:0.75:125 0.5

34 693, 743

36 743, 823 1:1:1.85 0.42

fact that the Ba: Sr: Ti ratios in the previous studies were in the THF, which is used as a solvent for dissolving the metal sources
range between 1:1:1.85 and 1:0.75: 12.5, while the ratio is fixedn the LSCVD process, is a major source of graphite and increases
to 1:1:2 in this study, the above results suggest that carbonate cotire amounts of metal oxides and carbonates included in the BST
centrations are insensitive to the metal source ratios but are sendilm. The addition of oxygen to the system decreases the formation
tive to the temperature and the O/C ratio in the feed. of graphite but increases that of carbonate.

The Sr/(Ba+Sr) ratios, experimentally measured in the previous With an increase in the DHF ratio, the equilibrium amounts
studies, are also shown in Table 2. The reported ratios are close tf graphite are decreased, while those of matal carbonates are in-
0.5, the value obtained in this study (Fig. 5) for all conditions of creased. The results of the equilibrium calculations are presented in
temperature and OHF ratios and for a Ba: Sr: Tiratioof 1:1:2. a diagram, which defines the process conditions according to whether
Accordingly, the Sr/(Ba+Sr) ratio is maintained at 0.5 even whenor not graphite is present and specified amounts of metal carbon-
an excess of solvent is included in the CVD system. The above rdates in the BST fim. The information from the diagram is in rea-
sults suggest that the information obtained by the thermodynamisonable agreement with the results reported in previous studies, which
analysis can be used as a first-hand guideline for the prediction ahdicates that the thermodynamic results can be useful for identify-
experimental results. ing the LSCVD conditions for obtaining the BST films with speci-

fied compositions.
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