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Crystallization of Sol-Gel-Derived
Barium Strontium Titanate Thin Films
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Microstructural development of thin-film barium strontium
titanate (Ba,Sr,_ TiO3) as a function of strontium concentra
tion and thermal treatment were studied, using transmission
electron microscopy (TEM) and X-ray diffractometry (XRD).
Thin films, ~250 nm thick, were spin-coated onto Pt/Ti/
SiO,/Si substrates, using methoxypropoxide alkoxide precur
sors, and crystallized by heat-treating at 700°C. All films had
the cubic perovskite structure, and their lattice parameters
varied linearly with strontium content. Films with higher
strontium concentrations had a larger average grain sizeln
situ TEM heating experiments, combined with differential
thermal analysis/thermogravimetric analysis results, suggest
that the gel films crystallize as an intermediate carbonate
phase, BaSr,_, TiO ,CO, (with a solid solution range from x =

1 to x = 0). Before decomposition at 600°C, this carbonate
phase inhibits the formation of the desired perovskite phase.

I. Introduction

THE trend toward increased storage densities in electronic
devices such as dynamic random access memory (DRAM)
necessitates the use of capacitors with high dielectric constants.
One potentially suitable material for these applications ig-Ba
Sr,_TiO5;. The Curie temperature of B&r, ,TiO, decreases
linearly with increasing amounts of strontium in the BaJiO
lattice, which enables the ferroelectric/paraelectric transition tem-
perature to be tailored for specific applications by varying the
strontium content. The Curie temperature for bullg Br, ;TiO4

is ~25°C.

Methods such as laser ablatirf: sputtering?~” and metallor
ganic chemical vapor deposition (MOCVbhave been used to
deposit BaSr, ,TiO thin films. Wet chemical methods such as
metallorganic deposition (MOB}° and sol-géf*** have also
been used to prepare B, , TiO5 thin films. The wet chemical
methods have advantages over other thin-film deposition tech-
nigues in that better compositional control and better homogeneity

can more easily be achieved. In addition, the process may be more,
economical for production, because no high vacuum systems are.

needed.
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In this work, the effects of variations in the strontium concen-
tration on the microstructure of methoxypropoxide-derived
BaSr,_ TiO4 films were investigated. The crystallization behavior
of Bay Sl sT105 was also studied, using situ transmission
electron microscopy (TEM) heating experiments to evaluate the
evolution of the thin-film microstructure. The overall goal of this
research is to better understand the role that process parameters,
such as strontium concentration, play in controlling the microstruc-
tural development.

Il.  Experimental Procedure

Sols for BaSr,_,TiO; (X = 1, 0.75, 0.65, 0.50, 0.25, and 0)
were prepared by refluxing the appropriate amounts of Ba-Ti and
Sr-Ti methoxypropoxide (Gelest, Tullytown, PA) in butanol for
18 h. Butanol and water for hydrolysis (0.5 mol water/mol
alkoxide) were added to bring the sols to a final concentration of
0.25M1. Higher concentrations of water caused the sols to precip-
itate within minutes.

Thin films were prepared by spin-coating the sols onto Pt/Ti/
SiO,/Si (100) substrates at 2000 rpm for 1 min. After deposition of
each layer, films were pyrolized at 350°C for 5 min, to burn off
residual organics, followed by a crystallization heat treatment at
700°C for 30 min in flowing oxygen. The films were inserted when
the furnace was at temperature. To build up the film thickness, five
layers were deposited onto each substrate, for a total film thickness
between 230 and 260 nm.

The crystallization of the B&r, , TiO5 films was studied using
glancing-angle thin-film X-ray diffractometry (XRD; Model
D5000, Siemens Aktiengesellschaft, Karlsruhe, Germany), with
incident X rays at an angle of 2° to the film surface. This technique
is most useful for diffraction analysis of thin films with minimal
volume for analysis. (i, radiation was used. Microstructural
characterization of the films was conducted using an analytical
TEM (Model CM20, Philips Research Laboratories, Eindhoven,
The Netherlands) operated at 200 kV. Conventional dimpling and
on-milling techniques were used to prepare films for TEM
investigation.

Differential thermal analysis (DTA) and thermogravimetric
analysis (TGA) (Model 2100 Thermal Analysis System, E. I. du
Pont de Nemours & Co., Inc., Wilmington, DE) were used to
determine the thermochemical properties of dried gel powders.
Sols were dried in a vacuum furnace at 100°C and crushed to fine
powder, using a mortar and pestle. DTA and TGA studies were
conducted by heating the dried powders in oxygen, at 10°C/min, to
1000°C.

In situ TEM heating experiments were conducted on amorphous
Bag 5515 51105 thin films. To prepare films foin situ heating, five
layers were spin-coated onto each substrate, with a pyrolysis heat
treatment at 350°C after each layer. Thin TEM foils of pyrolyzed
films were then prepared, using conventional dimpling and ion
milling. The in situ TEM hot-stage experiments were conducted
using a Philips CM30 operated at 300 kV and a single-tilt Gatan
heating holder (Model 628-0500 Hot Stage Power Supply, Gatan,
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Inc., Pleasanton, CA). Samples were initially heated to 300°C in

the microscope and held at this temperatureférmin, to burn off

water and contaminants. The holder temperature was then raised to —~
the desired annealing temperature within a couple of minutes. To °$
minimize electron-beam damage, the beam was kept off the area of

interest except when photographs were being taken.
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Ill.  Results 3.96

(1) Effects of Strontium Concentration

The XRD patterns of the B&r, ,TiO; films are shown in
Fig. 1.With the exception of the platinum peaks from the substrate,
all other peaks were identified as perovskite 8a_, TiO5 (BST).
Thesed spacings were used to determine the lattice parameter for
each of the compositions (Fig. 2). All compositions were assumed 3.90 ! L L L
to be cubic, and no evidence for tetragonality was seen in the 0 20 40 60 80 100
BaTiO; and Bg ;50 »sT105 films. (There was no evidence of
peak splitting in XRD, and no ferroelectric domains were observed
by TE_M.) The lattice parameter decreased linearly with increasing Fig. 2. Lattice parameter as a function of strontium content for
strontium concentration. _ _ BasSr_,TiO, films on PYTI/SIQ/SI.
Bright-field TEM micrographs and corresponding electron dif-
fraction patterns of films representing each composition after the
700°C heat treatment are shown in Fig. 3. The films were ) i i
single-phase, randomly oriented polycrystalline &g, TiO,. All BaTiO;, ~425°C for Bg 551, 57103, and~500°C for SrTiQ,. The
films contained residual porosity. The grain size increased with gradual weight loss at:600°C and exothermic peaks at temper-
increasing strontium concentration, as reflected in the increasing atures below the largest peak result from removal of water,
discontinuity in the diffraction rings using the same selected-area solvents, and bound organics in the systems. A small exothermic
aperture of 1Qum. The average grain sizes for Sa,_, TiO with peak also occurs at-700°C for BaTiQ and at~600°C for
x = 1,0.75, 0.65, 0.50, 0.25, and 0 werd0, 50, 60, 70, 110, and  B& 55l sTIO5.
120 nm, respectively. In addition to an increase in grain size, an
increase in the grain-size distribution was seen as the strontium(2) In Situ TEM Studies of Bg sSrp sTios
concentration increased, from 20 to 60 nm for BaJi0 20— The evolution of the film microstructure for BaSt, .TiO5
220 nm for SITiQ. The representative cross sections in the during in situ TEM heating at 650°C is shown in Fig. 6. The
micrographs of Fig. 4 show that some of the large grains were micrographs of the cross-section TEM sample and corresponding
located near the film/platinum interface and that some large grains electron diffraction patterns indicate that the film was initially
extended all the way through the thickness of the film. amorphous (Fig. 6(a)). The amorphous film contained porosity
The DTA and TGA results of BaTi§) Ba, sSi; sTiO5, and concentrated at the interfaces between each of the film layers. The
SITiO; dried gels are shown in Fig.. All dried gel powders  film crystallized within 10 min after reaching 650°C. Nucleation
exhibited a large weight loss at600°C. The weight loss was  occurred both in the bulk of the gel film and along the film/
16.9%, 17.5%, and 18.6% for BaTiOBa&, 5Sfy 51105, and St platinum interface. The electron diffraction patterns (Figs. 6(b) and

TiOg, respectively. Note that the percent weight loss associated (c)) correspond to BaSr, sTiOs, with no evidence of additional
with this particular decomposition reaction should be equal to the phases.

weight at 600°C (before the decomposition reaction) minus the = Figure 7 shows the evolution of the film microstructure at
weight after the decomposition (when no more weight loss was 575°C in a thin region of the film. (Here, most of the substrate was
observed) and divided by the weight at 600°C. This number is not sputtered away during ion milling). The (111) oriented polycrys-
the same as the difference in percentages obtained by directlytalline platinum substrate layer had a rough surface, with rough-
subtracting the percentages from Fig. 5. ness on the order of 5-10 nm. Nucleation of,B8r, .TiO; was
In each of the compositions, the DTA results show a large and concentrated at the platinum surface, although some concurrent
sharp exothermic peak that occurs at a different temperature fornycleation was noted within the bulk of the gel film. Holding the
each set of powders. The exothermic peak occurs@&0°C for film for longer times at 575°C enhanced crystallization along the
film/platinum interface.
A crystallization time sequence at 575°C, using electron dif-
fraction patterns, is shown in Fig. 8. (The SAD patterns were taken

3.94

Lattice Parameter

3.92

Sr Concentration (mol%)

from a region thicker than that in Fig. 7). Initially, the film was

— \ ‘ amorphous, as indicated by the diffuse halo in the diffraction
2 '\ }\ 1'\ ‘I‘x ST pattern (Fig. 8(a)). The film crystallized after2 h at 575°C.
R e s L e However, in the halo region, a clear diffraction ring developed,
2 /’1 A /f\l BST 25/75 with a d spacing of 3.22 A, that did not match B&Sr, TiO5
g st el ) e ) (Fig. 8(c)), while corresponding bright diffraction spots matched
I | A A BST50/50 | Bag 5506 5TiO0x.
E PV SNPPPUNRIVVSRY | \MW’\ «th\uw
~ . A | BST65/35 |
%’ ] MMMJL"WI A /I“- A IV. Discussion
=1 1 i \ . .
g v\:,g W - j:/p‘;\ A . /f\ BST 75/25 (1)Tth|fec.ts of Strontium Concentratlon _
- .8 g!kw ERE) e 3 . 8§ e lattice parameter of B&r, ,TiO5 decreased linearly as the

T o s S 8 gdj ) strontium concentration increased, behavior characteristic of a

20 25 30 35 40 45 50
20 (degrees)

Fig. 1. Glancing-angle thin-film XRD of Bg5r, ,TiO5 films on PY/Ti/

Si0,/Si (BT = BaTiO,, ST = SrTi0,, BST ratio= Ba/Sr).

solid solution. The measured lattice parameters ranged from 4.014 A
for BaTiO, to 3.905 A for SrTiQ, in good agreement with the
lattice parameter values for bulk perovskite BaJi&hd SrTiQ.
Although both BaTiQ and Bg ;5515 1105 should be tetragonal

at room temperature, all compositions appeared to be cubic. The
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Y ‘ = (.

Fig. 3. Bright-field TEM micrographs and corresponding electron diffraction patterns 8aTiO; films on Pt/Ti/SiQ/Si for x values of (A) 1, (B) 0.75,
(C) 0.65, (D) 0.50, (E) 0.25, and (F) 0.

Fig. 4. Cross-section TEM micrographs of (B, ,TiO; films on PY/Ti/SiO/Si for x values of (A) 1, (B) 0.5, and (C) 0.

absence of tetragonality may be attributed to the fine grain size of Bay sSr, sTiOg, is about an order of magnitude lower than dielec

the materials and the high volume of grain boundaries in these tric constants observed for bulk B, , TiO,*® but consistent with

nanometer-grain-size films:® data for other BgSr, , TiO5 thin films of similar thicknesg®*9—2*
The addition of strontium to the BaTiJattice increased the

grain size of the crystallized films. The increasing grain size with (2) Intermediate Phase Formation for Ba.Sr, <Tios
increasing strontium may be attributable to higher grain-growth A previousin situ TEM study of methdxypfopoxide-derived

e D ;
rates from the more rapid diffusion of the®Srion, which has a BaTiO;, thin films revealed that amorphous gel films crystallize via

smaller onic radius than B4. There was also a lowering of the the formation of an intermediate carbonate phase, believed to be
temperature for the exothermic peaks found by DTA with increas- BaTiO,CO,, which subsequently is transformed to Bagi The

ing strontium content and a lower temperature of crystallization for : diffracti b din el diffracti
the perovskite phase observed in thesitu experiments. Crystal- most |nt3nse ffiraction, as o Ser&'e in e ec;ron ! Aractl?n pat-
lization may also be initiated earlier with higher strontium con- ;edrgistic?:al g(sgc?r?ttseggf’tﬁgcu;z; ?a?r?(tz)lg%t?sesrfez d b.u(té rgvr\:wuch
tents, resulting in a larger grain size for the same heat treatment.weaker) Thg lar ge exother?n of the TGA in Fig. 5 has been
SrTiO; and platinum have a lattice mismatch of orl.5%, so - > larg h L . 9.
associated with the formation of this intermediate carbonate phase.

increased grain size with increasing strontium concentration may The existence of a carbonate bhase has been well-established b
result from the domination of preferred heterogeneous nucleation . : P y
Fourier transform infrared spectrometry and Raman spectros-

on the polycrystalline platinum. However, Kawarb al> also 23,24 on : )
observed an increase in grain size with increasing strontium COPY:~ but the exact stoichiometry of the intermediate phase
has been more difficult to ascertain.

concentration in the crystallization of free-standing films, suggest- This reaction

ing that the increase in grain size may be related more to diffusion '

of SP* and B&™" than to substrate effects. BaTiO,CO, < BaTiO; + CO, 1)
Dielectric measurements of the various , Bg ,TiO; films

revealed no systematic relationship between the strontium concen-has a weight loss of 16%, close to the observed weight loss of 17%

tration and the dielectric constant in this systehiThe highest shown in Fig. 5(a). The reaction of BaG@nd TiG, also has the

measured dielectric constant of 400, for the thin-film composition same weight loss as the reaction in Eq. (1):
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o 200 100 SrTiO,CO, < SITIO, + CO, (5)
g (A) In a similar fashion to Egs. (1) and (5), the decomposition reaction
— 1S0F 190 < Bay:S10sTiO,CO; <> Bay Sl sTiO; + 3CO; 6)
@
é ;-: has a calculated weight loss of 17.4%, matching well the experi-
5 1.00 - 180 %F mental value of 17.5% obtained from the TGA experiments.
g Q These observations lead to the conclusion that there is a single
A 050 L 170 intermediate carbonate phase,8g_,TiO,CO;, which is a solid
L solution. If this theory is true, a linear relationship should exist
g between the lattice parameter and the strontium concentration of
= 0.00 ! ! 1 1 60 the intermediate carbonate phase (similar tQBa,TiO3). This
0 200 400 600 300 1000 intermediate phase should have= 3.23 A for Ba, ;Sr, -TiO,CO,
Temperature (°C) (halfway between the 3.32 A of the barium titanium carbonate

phase and the 3.13 A of the strontium titanium carbonate phase).

3.00

100 This calculation ofd = 3.23 A does, indeed, match closely the
280 I (B) non-perovskite ring ad = 3.22 A that was observed duriigsitu
’ TEM heating at 575°C (Fig. 8) of a 50/50 Ba/Sr film.

2.00 190 These results indicate that, although the barium and strontium
150 may be closely associated for these alkoxide solutions, unfortu-
N i X nately, so are the organic groups that remain in the film after
<— | 80 . . .

1.00 low-temperature pyrolysis. These residual, bound organic groups

1 1

% 3PM

A may react with the Ba/Sr and titanium to form the undesirable
470 carbonate phase. Crystallization of the perovskite phase is then
prevented until this carbonate phase decomposes at 600°C.
At >600°C, random nucleation of the perovskite phase in the

0.50 -

0.00 -

Temp. Difference (°C/mg)

-0.50 L 60 bulk of the film is promoted by the high driving force for
0 200 400 600 800 1000 nucleation and crystallization, resulting in a relatively fine-grained
Temperature (°C) microstructure.

In the examples presented here, the films are fully converted to
a5 0 100 the carbonate phase before the formation of the perovskite phase,
E 250 L (C) and the decomposition reaction apparently goes nearly to comple-
1 7 90 tion, because the calculated weight losses for 100% decomposition
= 2.00 - 180 g closely match the observed weight losses. Other reseafciérs
] 150 | s have found lower weight losses associated with the decomposition
§ ’ 470 % reaction than those reported here. One possibility for the difference
& 1.00 - is that the proportional release of C@ould be lower than that for
A 0.50 j\/\/\‘; 460 N complete combustion if t_he 'decompos[tl_on reactlc_)n were not

L complete. Another alternative is that specific processing routes can

E- 0.00 Qa_: 50 reduce the amount of the intermediate carbonate compound
) formed, giving a smaller weight loss on decomposition of the

& 050 ; : L L 40 carbonate than if the entire material were carbonate. If condensa-
0 200 400 600 800 1000 tion reactions are promoted, which form more oxy bridges, then
Temperature (°C) the residual, bound organic concentration will be reduced. This

. . ) latter argument is supported by the fact that the proposed reactions
Fig. 5. DTA/TGA of dried methoxypropoxide/butanol gel powders: (A) of Egs. (3) and (4) can be rewritten as

Ba-Ti, (B) Bgg 57 Sho.sy Ti, and (C) Sr-Ti.
BaTiO; + BaTiO,CO; «<» 2BaTiO; + CO, ©)
and

SITiO; + SITIO,CO, < 2SrTiO, + CO, 8)

BaCQ, + TiO, <> BaTiO, + CO, )

However, thed spacings found in XRD and electron diffraction do

not exactly match BaCQor TiO,. Another alternative reaction  which are similar to Eq. (1), with excess barium or strontium and
that has been proposéd, oxygen that has not reacted to form the intermediate carbonate
phase. This reaction would presumably occur if the carbon in the

Ba,T1,0:C0; <> 2BaTIO; + CO, (3) sample were insufficient to fully crystallize the material as the
gives only a 9% weight loss and is not consistent with the observed intermediate carbonate phase.
weight loss.
In metallorganic-resin-derived SrTiOCho et al?® observed, (3) Grain-Size Distribution
by XRD, an extra diffraction peak at= 3.13 A. This peak could The large grain-size distribution in the crystallized

not be assigned to a strontium titanate compound. They speculatedy ; i E ; ; ;

; ; ) 8551551103 thin film (Fig. 3(d)), with grains as small as 20 nm
that it was caused by an intermediatgT8;0,CO, phase, because  5n%5¢ ?argg as 120 nm, has also been observed by others in
the observed weight loss of 12.4%, determined by TGA, was close | tion-derived BgSr, ,TiO, 132° Because the lattice mismatch

to the 10.7% calculated for the decomposition 0f1$JO-CO. between platinum and B&r, ,TiO, decreases as the strontium
They proposed the following reaction. content increases, from-3% for cubic BaTiQ to ~0.5% for
S1,Ti,0,CO; <> 2SrTiO, + CO, (4) SrTiO;, one explanation for the larger grain-size distribution might

be competing processes between oriented growth on the platinum
However, the weight loss in Fig. 6, associated with the decompo- layer, resulting in larger grains, and nucleation in the bulk of the
sition reaction and the formation of SrTi0Ois 18.6%, a number gel film. Sedlaret al** have noted that larger grains form near the
that matches much better the calculated 19.3% weight loss platinum/film interface in films subjected to multiple rapid thermal
associated with the following reaction. annealing (RTA) heat treatments, because of extended processing
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(A)

Fig. 7. Cross-section TEM micrographs of 8&5r, <TiO; film on Pt/Ti/SiG,/Si afterin situ TEM heating at 575°C for (A) 1, (B) 2, (C) 3, and (D) 5 h.

times in the layers near the interface. Some evidence can be seefiorm a complete solid solution from = 1 to x = 0. There is
for this in Fig. 4(c), with some large grains growing from the evidence for some enhanced nucleation of®a,TiO, at the
platinum substrate through the thickness of the film for the SgTiO  film/platinum interface with increasing strontium concentration
film. The nucleation of large grains of BaSr,sTiO; at the and closer lattice matching. The grain size increases as the
flIm/pIatlnum interface is also evident in Flg 7, even thOUgh all strontium content increases for these So|_ge|_derive§@§Ti03
layers of then situsample of Fig. 7 were heated for the same time. thin fiims, a result attributable to the more rapid diffusion of
strontium ions, compared with that of barium ions. The average
V. Conclusions grain sizes for Bgsr, L TiO; with x = 1, 0.75, 0.65, 0.50, 0.25, and
0 are~40, 50, 60, 70, 110, and 120 nm. An intermediate phase of
A linear relationship exists between the lattice parameter and BasSr,_,TiO,CO;, also a solid solution from = 1 tox = 0, forms
strontium concentration for these B, , TiO; thin films, which before the perovskite B&r, ,TiO; and decomposes at 600°C. The
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(B)
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(C)

P

Fig. 8. Electron diffraction patterns of BaSr, sTiO; film on Pt/Ti/SiO,/Si afterin situ TEM heating at 575°C for (A) 0, (B) 1, and J@ h (arrow points

to phase atl = 3.22 A).

formation of this carbonate phase inhibits the crystallization of the
perovskite BaSr,  TiO5 at <600°C, above which temperature
there is a high driving force for random nucleation and crystalli-

11T, Hayashi and T. Tanaka, “Preparation and Dielectric Properties of §rTiO
BaTiO; Multilayer Thin Films by Sol-Gel Method,dpn. J. Appl. Phys., Part,134
[9B] 5100-104 (1995).

12]. Kim, S. I. Kwun, and J. G. Yoon, “Precursor Dependent Properties of

zation in the bulk. The present results suggest that, although it may Ba,_Sr,TiO, Thin Films Fabricated by Sol-Gel Method”; pp. 423—2618AF '94,

be possible to use compositional modifications to tailor the
thin-film microstructure, the detrimental presence of an interme-

diate carbonate phase may dominate microstructural developmen
for this sol—gel process and hinder optimization of desired dielec-

tric properties.
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