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Effect of preparation conditions on
short circuits in sol-gel-derived lead

titanate thin films

KUNIO SAEGUSA

Tsukuba Research Laboratory, Sumitomo Chemical Company, Tsukuba, Ibaraki 300-32,

Japan

A model is proposed by which pore interconnection during firing is responsible for short
circuits in thin films. According to this model, the number of short-circuited electrodes can
be decreased significantly by suppressing the pore growth, which is achieved by optimizing
the hydrolysis conditions of the coating solution and the rapid thermal annealing of the film.
At the same time, it became clear that a sol-gel-derived thin film essentially involves

a short-circuit probability. The dielectric properties obtained were ¢=188 and tan 6 = 8%

when fired at 800 °C, for example.

1. Introduction

Ferroelectric thin films have attracted the attention of
many researchers in view of their potential application
to dynamic random access memories, non-volatile
memories and infrared sensors. The sol-gel method is
a well-known technique for preparing various thin
films [1-13]. These films, however, often have defects
that cause short circuits [9, 10], making some applica-
tions difficult. Among many mechanisms that cause
short circuits, the most important may be defects in
thin films (through-holes). Through-holes may be for-
med in a thin film either by foreign particles or by pore
interconnection during sintering. The present paper
focuses on the latter and proposes a model that ex-
plains how porosity, film thickness and pore size affect
the through-hole-forming possibility. Conduction be-
haviour of a mixture of conducting particles and an
insulating matrix is often described by the percolation
theory. The present model is based on a similar idea
but modified to describe the shortcircuit behaviour
better.

In addition, details of preparation conditions of
coating solutions and the characterization of thin
films in view of the grain and the pore size will be
reported since they have not been published previ-
ously. The objective of the present work is to prepare
non-short-circuited thin films by optimizing the pre-
paration process with the aid of the short-circuiting
model. The dielectric properties of thin films will also
be reported to show the film quality.

2. Experimental procedure

2.1. Sample preparation

The coating solutions for the present study were pre-
pared according to well-known methods [1, 2]. First
1 mol of lead(Il) acetate trihydrate (purity 99.9%;
Wako Pure Chemicals, Osaka, Japan) was dissolved
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into 8 mol (606 g) of 2-methoxyethanol (GR grade;
Wako Pure Chemicals) in a four-necked flask under
a N, atmosphere and distilled at 150 °C for about 2 h
until 650 g of the distillate had been recovered. An-
other 8 mol of 2-methoxyethanol were added to the
residual solution and distilled off again. This distilla-
tion was repeated three times and the lead concentra-
tion was adjusted to 1 mol kg~ ! (Pb stock solution).
Then 1 mol (284 g) of titanium tetraisopropoxide
(Wako Pure Chemicals) was dissolved into 500 g of
2-methoxyethanol in a four-necked flask under a N,
atmosphere and distilled at 150 °C for about 2 h until
400 g of the distillate had been recovered. Another
500 g of 2-methoxyethanol was added to the residual
solution and distilled off again. The titanium con-
centration was adjusted to 1.5molkg™ ' (Ti stock
solution).

Next, 0.45 mol of the Pb stock solution and the
equimolar Ti stock solution were mixed in a four-
necked flask and distilled at 120°C for 3 h until no
distillate was observed. This solution was cooled to
80 °C and distilled at 133 Pa until no distillate came
out. The metal concentration of the solution was ad-
justed to 1 mol kg™! with respect to lead (PT stock
solution). Then 3.862 g of H,O dissolved in 250 g of
2-methoxyethanol with a catalyst (5.165 g of concen-
trated HNOj; in the case of acid catalyst) was added to
250 g of the stirred PT stock solution at 80°C and
a rate of 0.73 ml min ! to produce partial hydrolysis.
The water-to-titanium ratio ([H,O]/[Ti] = R,,) was
1.3 in this case. The solution was kept at 80 °C for 4 h
to mature. Finally, the concentration of the solu-
tion was adjusted to 0.65 M with respect to lead by
reduced-pressure distillation at 80 °C.

The solution obtained was spin coated on a
Pt (500 nm)/Ti(50 nm)/SiO, (300 nm)/Si(110)
substrate on a clean bench (class 100), dried at 130°C
for 15 min and then baked at 300 °C for 30 min in an
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infrared heating furnace. The clean bench, air oven,
and infrared heating furnaces were located in a clean-
room (class 1000) to avoid foreign particles. This pro-
cedure was then repeated several times to obtain the
desired thickness, and the sample was fired at
500-900 °C with ramp rates ranging from 10 to 600 °C
min~! in the rapid thermal annealing (RTA) infrared
heating furnace (model RTA-145, Ulvac, Yokohama,
Japan).

This solution was allowed to gel, and the gel was
dried at 130°C for longer than 5h for the thermo-
gravimetry (TG) — differential thermal analysis (DTA)
measurement. The dried gel was baked at 300 °C for 30
min and then calcined at a heating rate of 10 °C min~!
to prepare powders for X-ray diffractometry (XRD)
and Brunauver-Emmett-Teller (BET) measurements.

2.2. Characterization
The crystallization behaviour of the powder was ob-
served by XRD (model RAD-2¢c, Rigaku-denki Inc.,
Tokyo, Japan) and TG-DTA (model 2000, MAC
Science, Tokyo, Japan). The glancing-angle XRD
technique (glancing angle, 0.5°) (model RU-300,
Rigaku-denki Inc.) was applied to thin films with Cu
Ko radiation (40 kV and 300 mA) monochromated by
a silicon single crystal.

The particle size of powders were obtained by
BET specific surface area measurements (Quantasorb,
Quantachrom Corporation, Syosset, NY) under the

(a)

(b)

Figure 1 (a) Model of a short-circuit through the association of
pores. (b) Pore sites in a close-packed structure. Reference pore site
(full circle) and coordinated pore sites (shaded circles) in the adjac-
ent layers.
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Figure 2 (a) Theoretical yield as a function of pore diameter with
film thicknesses of 400 nm ([J), 300 nm (A) and 200 nm (O) when
K =3, k = 1.22 and the porosity equals 0.05. (b) Theoretical yield as
a function of pore diameter with porosities of 0.05 ([1J), 0.075 (A)
and 0.1 (O) when K = 3, k = 1.22 and the film thickness is 400 nm.
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Figure 3 Experimentally obtained yields (O) and theoretical yield
curve according to the proposed model as a function of the number,
Ny, of through-holes.

assumption that each primary particle was spher-
ical with a PbTiOj; density of 7.96 g cm 3. The grain
size and the pore size of the thin films were observed
by scanning electron microscopy (SEM) (model
JSM-5200, JEOL, Tokyo, Japan) and field-effective



scanning electron microscopy (FESEM) (model S-800,
Hitachi, Japan). With the SEM method, the pore size
and the porosity were determined using an image
analysis (Ultimage, Grafteka, France). Both pore size
and porosity have an error of about 20% because of
the ambiguity in setting a threshold to convert SEM
images into binary images.

Gold was evaporated through mask to form the top
electrodes (thickness 100 nm; diameter, 0.3 mm) for
the electrical evaluation. Yields (non-short-circuit per-
centages) were calculated by the number of non-short-
circuited electrodes out of the 40 top electrodes in
most of the samples. The dielectric constant and
tan 6 were measured at 0.1 V and 100 kHz using a
precision LCR meter (model HP-4284A, Hewlett—
Packard, San Diego, CA). The remnant polariza-
tion and the coercive field were measured using a
Sawyer-Tower circuit with a digitizing oscilloscope
(model HP-54503A, Hewlett—Packard) and a
multifunction synthesizer (model 1920A, NF Elec-
tronic Instruments, Yokohama, Japan) at 1 kHz. The
film thickness was measured by an etching technique.
Part of the PbTiO; thin film was masked by
poly(methyl methacrylate) and then etched with
a HF-H,O, solution; the etched step height was
measured using a surface profilometer.

3. Results and discussion

3.1. Short-circuit model

According to the present model, a short circuit occurs
through the interconnection of monosized micropores
in thin films during sintering (Fig. 1a). Although there
is a pore size distribution in real thin films, it is
mathematically difficult to treat the size distribution
and the interconnection probability at the same time.
Now we assume close-packed pore sites (of radius, r)
that can be occupied randomly by the pores of the
same size (Fig. 1b). Each layer of the close-packed
structure has a thickness, d. Here, K is defined as the
coordination number which shows how many pore
sites in the adjacent layer are in contact with the
reference pore site (see Fig. 1b) (K = 3 for the close-
packed structure). The probability, p, that the pore
contacts with the other pore in the adjacent layer is

K
_ n—KCm—K+i+1 KCK—i+1
p >

i=1 nCom

where n is the number of pore sites and m the number
of pores in each layer. When we introduce P’ = m/n,
the nominal porosity, which is based on site occupa-
tion, then the probability, p, is P’ for K = 1, 2P'—P’?
for K=2  3P-3P%2P3 for K=3, and
4P'—6P'* + 4P3-P* for K = 4. It can be written as
KP’ in the approximation when we consider the fact
that n, m>1, and P’ is about 0.1 or less. Here, Ny, is
defined as the number of through-holes per electrode,
t the thickness of the thin film, r the radius of the pores
(or pore sites) and S the geometrical area of the elec-
trode. Because t/d layers occur in the thin film, the
probability of forming a through-hole by the intercon-
nection of the pores is (KP')"~!. Since SP’'/4nr?
pores exist in the area S, N, can be expressed as
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Figure 4 TG-DTA plots of precursor gels hydrolysed under differ-
ent conditions: (a) HNO; catalyst, R, =1.2; (b) no catalyst,
R, = 1.2; (c) NH; catalyst, R,, = 1.2.

follows when we introduce k to correlate d with r as
d =2r/k (k=1.22 in the case of the close-packed
structure):

K(kt/Zr)—l S r—2 P/(kt/lr)

Ny = - (1

Because only a relatively straight through-hole may
contribute to form the conducting path in the elec-
trode deposition, we shall consider only a through-
hole that is formed by the pores whose centres are
located within a radius, 2r, from the centre of the
reference pore. Then, the equation based on the close-
packed structure is
3(kt/4r)*1 S r*Z P/(kt/2r)

Ny = - @

Here, P’ can be related to P, the real porosity, as P’ =
s P, where s is 0.74 in the case of the close-packed
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Figure 5 FESEM images of PbTiOj thin films fired at 650 °C obtained under different hydrolysis conditions: (a) HNOj catalyst, R,, = 1.2;(b)
HNOj; catalyst, R,, = 1.3; (c) NH; catalyst, R,, = 1.2; (d) NH; catalyst, R,, = 1.5.

structure since spheres occupy 74 vol % of the whole
apparent volume when they are close packed. The
number Ny, of through-holes, is strongly dependent on
t, P and r as shown in Fig. 2a and b but is not very de-
pendent on k. When short circuits need to be avoided,
the pore size must be kept as small as possible, and the
film thickness as high as possible. When Ny, is larger
than one, the theoretical yield is 0% (100% short
circuit). Yet the larger N, may be regarded as reflect-
ing a higher possibility of short circuits in spite of the
same theoretical yield of 0%.

According to the model, the number of short cir-
cuits can be decreased by attaining low porosity and
small pore size. Two approaches have been used to
solve the problem. One is to control the precursor gel
structure since it is known to affect the structure of
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a sintered body [1, 2, 11]. The precursor gel structure
could be controlled by regulating the hydrolysis con-
ditions (pH and water-to-alkoxide ratio, for example).
Another method is the RTA technique, which is con-
sidered to be more effective than conventional firing
for obtaining a denser structure with a smaller grain
size [14, 15].

3.2. Evaluation of proposed model

The measured yields and the theoretical yield curve
as a function of N, are shown in Fig. 3. We may
conclude that the proposed model describes the short-
circuiting behaviour semiquantitatively well. The pore
size, 2r, the porosity, P, and the thickness, t, of the film
were measured and the close-packed structure of pore



sites was assumed for K (=3) and k (= 1.22) in
obtaining the number, N;, of through-holes by Equa-
tion 2. The theoretical and the measured yields as well
as other values are summarized in Table I. There are
some relatively low measured yields in spite of their
low N, values (equal to high theoretical yields) in
Table 1 and Fig. 3. This may be due to the defects
introduced by other causes such as foreign particles in
the film-forming process. The important fact is that
every sample with a theoretical yield of 0% had
a measured yield of 0%. This model also seems to
describe semiquantitatively the short-circuit behav-
iour of thin films as a function of the firing temper-
ature, as will be shown later in Figs 6, 7a and 7b.

3.3. Effect of hydrolysis condition

The TG-DTA plots of the precursor gels prepared
under different conditions, (i.e., at the same R,
(= 1.2), but with HNOj catalyst, no catalyst or NH;
catalyst), are shown in Fig. 4a, b and c, respectively.
The pyrolysis is completed at a lower temperature in
the acid-catalysed gel. The base-catalysed gel behaved
similarly to the gel without catalysts. Fig. 5 shows the
FESEM images of PbTiO; thin films fired at 650 °C
that were hydrolysed with different catalysts. When
R,, > 1.5 in the ammonia-catalysed solution, the solu-
tion was unstable and easily gelled before use. In the
case of the HNOj catalyst, the precursor solution
gelled when R,, = 1.5, and the highest possible R,, was
1.3. The grain size was similar but the porosity was
slightly higher in the case of R,, = 1.2 when compared
with R,, = 1.3 with acid catalysts.

The highest R,, with the ammonia catalyst resulted
in the smallest grain size (equal to the pore size) in
fired thin films. Fig. 6a shows the yield as a function of
the firing temperature and the hydrolysis conditions.
The yield was higher when the pore size was smaller.
The film that had the smallest pores (R,, = 1.5) had the
highest yield.

This may be explained by the difference in the
precursor gel structure. In general, the higher the R,,
is, the higher the molecular weight of alkoxide poly-
mer becomes (in other words, the larger the sol par-
ticle becomes). When the sol particles are very small,
they tend to develop greater coalescence during the
drying process, which result in a coarse sintered struc-
ture (larger grains) because of the extremely high sur-
face energy of the fine sol-particle [11]. This phenom-
enon is rooted in the fractal nature of gels. Therefore,
relatively large sol particles in the precursor, which
correspond to a high R,,, remain less coalescent during
drying and early-stage sintering and are favourable for
smaller grains after sintering. Although the XRD pat-
terns of these samples are similar to each other, the
acid-catalysed gels or the gels of higher R,, seemed to
have steeper XRD peaks, showing better crystalliza-
tion (Fig. 7).

3.4. Rapid thermal annealing
The theoretical yield was calculated by the proposed
equation using the experimentally obtained data such
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Figure 6 (a) Yield and (b) dielectric loss as functions of firing tem-
perature (heating rate, 10 °C min~!) under different hydrolysis con-
ditions (@), HNOj catalyst, R, = 1.2; (O), NH; catalyst, R,, = 1.2;
(A), NH; catalyst, R, = 1.5.

as the pore diameter, the film thickness, and the poro-
sity of the thin films fired at a heating rate of 10°C
min~ 1. The yields experimentally obtained for thin
films fired at 10 and 600 °C min ! are shown in Fig. 8.
The theoretical yield matches the measured yield fairly
well as a function of the firing temperature (through
the pore size), showing that the proposed model is
applicable. The heating rate of 600 °C min ~ ! increased
the yields significantly in both the 100 nm and the
200 nm thin films, as shown in Fig. 8. Fig. 9a and
b shows the microstructure of thin films obtained by
heating rates of 10°C min~* and 600 °C min ™!, res-
pectively. The film that was fired by the RTA tech-
nique had the smaller pore size and the more uniform
structure.

However, with respect to large scale production, the
attaining of defect-free thin films by a sol-gel process
can be very difficult because the short-circuit prob-
ability will not reach zero. During densification, the
film has to reduce its volume by more than 40% in the
sol—gel process. Being constrained by the substrate,
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Figure 7 XRD patterns of PbTiO; Powders calcined at (a) 450 °C, (b) 500 °C, (c) 550 °C and (d) 600 °C.

the film contracts mainly perpendicular to the sub-
strate, but there remains a force in the film to contract
parallel to the substrate and the force has to be relaxed
to avoid a crack. Pores must play an important role in
relaxing the stress between the film and the substrate.
In other words, a film will crack without a certain
degree of porosity, which means that the short-circuit
probability will not reach zero. Although it may be
possible to keep the porosity so low that the short-
circuit problem can be almost avoided, even the least
probability may cause a significant number of defects
during large-scale production.
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3.5. Particle size, grain size and crystal
phase change on firing

The spherical particle size calculated from the surface
area of PbTiO; powder generally agreed well with the
grain size of PbTiOj; thin films determined by SEM
observation when they were fired at temperatures be-
low 700°C (Fig. 10). This is probably because each
primary particle may have formed a single grain at
the firing temperature but has not yet begun to be
sintered. The particle size of PbTiO5; was 50 nm at
500°C and 160 nm at 800 °C in the normal sintering
condition.
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Figure 10 Perovskite phase evolution (@), particle size ([J) and
grain size (A) of PbTiO; as functions of the firing temperature.

The perovskite phase evolution (peak intensity of
XRD) as a function of temperature is also shown in
Fig. 10. Fig. 7 shows XRD patterns of the PbTiO;
powders fired at temperatures in the range
450-600 °C. The effect of the firing temperature appar-
ently was critical. The higher the firing temperature
used, the larger the particles and the grain size were
and the higher the perovskite phase content became
(Figs 7 and 10). The pyrochlore phase was dominant
at 450 and 500°C and then almost disappeared at
550°C. The perovskite phase was observed first at
450°C, then it became prominent at 500°C, and it
crystallized well at or above 600°C. The perovskite
peaks became sharper and more intense at a higher
firing temperature, as shown in Figs 7 and 11.

Examples of the dielectric properties and the XRD
plots of the thin films are shown in Table I and Fig. 11.
The film with good quality was obtained in
terms of the dielectric properties. For example, € = 190
and tan & = 8% when the film was fired at 800 °C.

Figure 9 SEM images of PbTiOj5 thin films fired at 800 °C at heating rates of (a) 10 °C min ! (yield; 0%) and (b) 600 °C min~* (yield, 96%).
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TABLE I Short-circuit behaviour and electrical properties of PbTiOj; thin films

Sample  Film Firing Heating Porosity Pore  Calculated Theoretical Measured Dielectric Dielectric
thickness temperature rate (%) size short yield yield constant  loss
(nm) (@) (°C min~Y) (nm) Ny (%) (%)
201ZB 155 700 10 14 41 9.6 x 103 0 0
302E 180 650 10 4 33 24x1071 76 56 206 0.03
303D 250 650 10 9 42 14x1071! 86 46 235 0.02
801D 330 600 10 1 28 8.4x107% 100 100 164 0.19
801V 306 600 10 7 32 30x 1074 100 92 158 0.141
801T 307 700 10 18 38 53x107% 100 833 196 0.049
801U 330 800 10 11 40 2.1 0 0
801E 420 700 600 4 23 21x107% 100 96 192 0.27
801F 440 700 600 12 53 57x1071 43 97 190 0.19
801G 391 800 600 6 28 1.3x1071° 100 96 188 0.08
801L 403 800 600 12 42 57x1073 100 94 175 0.081
801K 400 900 600 5 65 3x1072 97 100 288 0.12
801N 400 900 600 10 50 3.7x1072 96 93 155 0.026
1.50 3. The RTA technique (600 °C min ') was effective
for reducing short circuits.
4. The film quality was so good that it showed
™ dielectric properties such as € = 190 and tan 6 = 8%
2 when fired at 800 °C.
2 5. With respect to large-scale production, it seems
«g 0.75 1 difficult to attain defect-free sol-gel-derived thin films
= because the short-circuit probability will not reach
g ZEro.
Qo
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4. Conclusions

1. A model consisting of interconnected pores that
create a through-hole in a film matrix seems to de-
scribe suitably the short-circuit behaviour of thin
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