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Optimization of the experimental conditions for
the preparation of a thin strontium titanate film

by hydrothermal process
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A Taguchi orthogonal array design was implemented to optimize the experimental
conditions for the preparation of a thin strontium titanate film on a Ti substrate using a
hydrothermal process. The effects of such preparatory conditions as the
strontium-concentration, pH-value, reaction temperature, reaction time and the substrate
surface treatment were systematically studied. Results indicate that the effects of the
reaction temperature and reaction time are the key variables influencing the relative crystal
intensity (intensity of (110) SrTiO3 peaks in XRD spectrum/intensity of (101) Ti peak in XRD
spectrum) of the films obtained. By combining the optimal settings of the two most
influential process variables, a polycrystalline, SrTiOs-films was obtained, with improved
crystallinity and a grain size of 0.2-0.4 um and a dielectric constant of 360 at | MHz.
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1. Introduction

The semiconductive and dielectric properties of per-
ovskite ceramics such as SrTiO3, BaTiO3 and CaTiO;
are widely applied in electronic components, such as
photoelectrodes [1, 2], devices of various boundary-
layer capacitors [3, 4] and humidity sensors [5]. For
the development of VLSI circuits, it is necessary to
coat a substrate with a thin film of a material with a
high dielectric constant [6, 7].

Strontium titanate film has a high dielectric constant
and is used in the manufacturing of dynamic random
access memory chips (DRAM) [8]. It is of great impor-
tance to prepare very thin films on the substrate. The
grain size, dielectric constant and the chemical reac-
tions taking place at the boundary of the coating film
and the substrate are also important and have to be taken
into consideration.

There are various methods for manufacturing thin
films, for example physical vacuum deposition [9], ion
beam sputtering [10], electron beam evaporation [11],
and pulsed laser ablation [12]. In recent years, however,
chemical methods for the deposition of thin films found
broader application and substitute more and more phys-
ical methods. Chemical methods include sol-gel tech-
niques [13, 14], metallo-organic decomposition (MOD)
[15], and chemical vapor deposition (CVD) [16, 17].
Temperatures used in the application of chemical pro-
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cesses are usually lower (400-800°C) than the ones
used in physical methods. Another advantage is that
large area films can be produced without necessitat-
ing an extra high vacuum environment. A disadvantage
though is that cracking in the films has been observed
during the heat treatment process. Yoshimura et al. [18]
discovered that a thin BaTiO3 film on a Ti substrate can
be produced by an electrochemical process, using a ti-
tanium cathode in an alkaline Ba?* solution. Further
studies, however, showed that electrolysis was unnec-
essary, and a BaTiOj3 film could also be produced in a
hydrothermal bath. Using Sr>* instead of Ba’*, a fine
SrTiOs film can also be obtained [19, 20].

Fractional factorial design is a reliable method for
simplifying the process of identifying the most influen-
tial preparation variables. It reduces the number of ex-
periments required to identify the critical process vari-
ables in a statistically significant fashion [21, 22]. Until
now, to the best of our knowledge, the literature does
not contain any reports that investigate the optimiza-
tion of experimental conditions in the preparation of
BaTiOs films by a hydrothermal process.

In this study, we used the hydrothermal method to
prepare a strontium titanate thin film on a Ti substrate.
Taguchi’s orthogonal array [23, 24] was employed in
planning experiments that study the effects of such
preparation variables as the Sr** concentration of the

1337



solution, pH-value, reaction temperature, reaction time
and the substrate surface treatment on the grain size of
the film, and to determine which experimental parame-
ter settings affect the grain size and dielectric constant
of the film. The relative crystal intensity (intensity of
(110) SrTiO3 peaks in XRD spectrum/intensity of (101)
Ti peak in XRD spectrum) was chosen as another pa-
rameter to evaluate the character of the produced films.
Optimal preparatory conditions could be singled out
and a film with a high dielectric constant was prepared
under those conditions.

2. Experimental procedure
2.1. Synthesis of a thin strontium
titanate film

Strontium titanate films were prepared on titanium sub-
strates by a hydrothermal method using an aqueous
solution of Sr(OH),. The solution was prepared with
boiling deionized water in order to remove dissolved
CO; that could produce insoluble strontium carbonate.
The solution was placed in a teflon beaker inside an au-
toclave as shown in Fig. 1. The films were fabricated by
putting a 1 mm thick titanium substrate in the solution
under hydrothermal conditions.

2.2. Fractional factorial design

Taguchi’s orthogonal array table was implemented by
choosing five primary process variables that could af-
fect the characteristics of the films, namely: (A) concen-
tration of Sr**, (B) pH-value, (C) reaction temperature,
(D) reaction time, and (E) surface treatment (polishing)
of the Ti substrate (see Table I).

D: stainless steel reactor
E: Teflon clamp
F: Ti-substrate

A: thermocouple
B: teflon beaker
C: stainless stell baar

Figure 1 Schematic illustration of the preparation of thin strontium
titanate films by hydrothermal process.
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TABLE I Factors and levels for the fractional factorial design

Levels
Factors High (2) Low (1)
A Sr2*-concentration (M) 4 0.5
B pH-value (room temperature) >13 11-12
A x B Consider the interaction of A and B
C Reaction temperature (°C) 200 130
D Reaction time (hr) 20 3
E Surface treatment polished unpolished

TABLE II The design matrix and experimental data of the Taguchi
orthogonal array

Relative crystal

A B AxB C D E Error intensity (x1000)
1 1 1 1 1 1 1 1 50
2 1 1 1 2 2 2 2 300
3 1 2 2 1 1 2 2 80
4 1 2 2 2 2 1 1 310
5 2 1 2 1 2 1 2 200
6 2 1 2 2 1 2 1 260
7 2 2 1 1 2 2 1 120
8 2 2 1 2 1 1 2 240

If each of these variables were assigned two values, a
low and a high one, and a factorial experimental design
were employed using each of these values, the number
of permutations would be 2°, meaning that 32 experi-
ments are required to identify the optimal setting of the
experimental variables. However, the fractional facto-
rial design approach we used reduced the number of
necessary experiments to eight, while maximizing the
amount of information derived from this reduced set of
experiments [25]. The structure of the experimental sets
using Taguchi’s orthogonal array is shown in Table II.

2.3. Testing methods

Scanning electron microscopy (SEM) was used to ana-
lyze the microstructures of the films. X-ray diffraction
(XRD) was used to characterize the perovskite phases
of the films.

The phases of the films were examined using an
X-ray diffraction analyzer. SEM was used to character-
ize their surfaces. The dielectric constants of the films
were measured with an HP impedance analyzer 4284 A.

3. Results and discussion
3.1. Preparation of strontium titanate film
by hydrothermal process
In the study we used the reaction of Sr** with Ti metal
to obtain a strontium titanate film on a Ti-substrate
in a strong alkaline solution. The reaction variables
(A) concentration of Sr’*, (B) pH-value, (C) reaction
temperature, (D) reaction time, and (E) surface treat-
ment have been investigated for their effects on the
relative crystal intensity of SrTiOs to Ti, and on the
dielectric constants of the resulting thin ceramic films.
Xu et al. produced a BaTiO3 film by putting a Ti
metal substrate into a strongly alkaline solution of Ba>*
[26]. The alkali earth ions diffuse into the substrate
surface, where BaTiOj3 is formed. In our studies, two
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Figure 2 The XRD patterns of the thin films. (A) the film prepared
at [Sr2+] =4 M, reaction time =3 hrs, reaction temperature = 120°C;
(B) StTiO3 film prepared at [Sr2t] =4 M, reaction time = 3 hrs, reaction
temperature = 130°C, and (C) SrTiOs3 film prepared at [Sr?*]1=0.5M,
reaction time = 3 hrs, reaction temperature = 200°C.

Sr(OH), solution with different pH-values were used.
The one with the lower pH-value (pH=11 at room
temperature) was produced by dissolving only Sr(OH),
in water, the one with the higher pH-value (pH= 13 at
room temperature) was produced by adding NaOH to
the Sr(OH), solution. Results show that the stronger
alkaline solution produced a SrTiO3 film with a finer
grain size.

The results of the investigation of the reaction
temperature influence on the film formation indicate
that a higher reaction temperature (200°C) leads to a
stronger crystal intensity, and a larger grain size of
the film (about 0.6-0.8 wm). A lower reaction tem-
perature (130°C) produces a smaller grain size (about
0.1-0.2 pm). These results suggest a proportional re-
lationship between the relative crystal intensity of the
obtained film and the reaction temperature. The rela-
tive crystal intensity of the film is stronger for a higher
reaction temperature and the dielectric constant of the
film formed at that temperature is also higher.

A SrTiO3-film could not be produced at reaction tem-
perature below 130°C, even at a high concentration of
Sr>* (4 M). Fig. 2A shows the XRD pattern of the
Ti metal substrate subjected to those conditions; no
SrTiO3 was detected. Fig. 2B shows the XRD pattern
of the SrTiO; film obtained at 130°C. The XRD pattern
of the SrTiO; film produced at 200°C by subjecting the
Ti substrate for 3 hrs to a 0.5 M Sr>* solution is shown
in Fig. 2C. The relative crystal intensities of the SrTiO3
films vary with the reaction temperature. Films pro-
duced at a higher reaction temperature show a stronger
relative crystal intensity.

In all the experiments we carried out the minimum
setting for the reaction time was 3 hrs, for the reac-
tion temperature 130°C, and for the Sr** concentra-
tion 0.5 M, in order to obtain a film. The reaction time

influenced the crystal growth and grain size. With an in-
crease in the relative crystal intensity increased as well.
However, using very long reaction times (i.e. 30 hrs)
produced a film with an inhomogeneous distribution of
grains and a tendency for aggregation was observed.
Concomitantly, the relative crystal intensity decreased
as well.

An increase in pH-value was achieved by adding a
0.5 M NaOH solution to the Sr>* solution (pH >13 at
room temperature). At the higher pH-value, the film was
more homogeneous. In a trial experiment at pH >13, a
reaction temperature of 200°C, and a reaction time of
20 hrs, the obtained SrTiOj3 film still had a weak relative
crystal intensity, but the film thickness was not visibly
affected. The mechanism of formation of titanate film
could be explained by Xu that at a high OH™ concen-
tration there is a tendency for highly densified and fine
Ti(OH),4 to form on the Ti substrate surface [26]. Only
small pores exist, which make it difficult for the alkali
earth metal ion to diffuse into the bulk of Ti(OH),4. As
a result, the produced titanate film is very thin.

In another experiment the substrate was polished
with a diamond grinder paste (1000 pm) to produce a
smooth surface. The SrTiOj3 film on this smooth surface
was, under the SEM, visibly more homogeneous than
the SrTiO3 produced on an unpolished surface. During
the reaction of Sr*>* with a Ti-substrate in a strong alka-
line solution, a Ti(OH)4gel is formed as a first step [27].
Then the Sr*>* ions diffuse into the surface of the tita-
nium gel film to form SrTiOs. This diffusion process is
controlled by the morphology of the titanium gel [28].
Therefore, the shape and size of the precursor gel have
a strong influence on the properties and composition
of the final film. In our experiment, the Ti(OH)4 gel
film that formed on the surface of the unpolished Ti-
substrate was inhomogeneous due to the coarseness of
the surface and the resulting SrTiO3 film in turn was
coarse too.

A change in the preparatory variables of the exper-
iment affects indirectly the formation of the Ti(OH)4
gel, changes the mole of the nucleophilic attack of
the Sr2* on the titanium-gel, and can even control the
grain growth and relative crystal intensity of the pro-
duced powder. (In our experiments, the chosen prepara-
tory conditions for the formation of a strontium ti-
tanate film were reaction temperatures of either 130°C
or 200°C, a reaction time of 3 hrs or 20 hrs, and a
Sr**-concentration of 0.5 M or 4 M.) The composi-
tions of the SrTiO3 films were uniform, and the rela-
tive crystal intensities were about 0.1-0.3, grain sizes
were 0.2-0.6 um, film thickness was 0.1-0.6 um and
dielectric constants were 150-350.

3.2. Experimental design

3.2.1. Taguchi array design

A Taguchi orthogonal array design was used to iden-
tify the optimal preparatory conditions and to single
out the factors having the most profound influence
on the relative crystal intensity of the SrTiOz (110)
plane to the Ti (101) plane of the thin SrTiO;
film. The preparatory conditions investigated were
(A) Sr**concentration, (B) pH-value, (A x B) possible
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interaction of Sr**-concentration and pH, (C) reaction
temperature, (D) reaction time and (E) Ti-substrate sur-
face treatment. In previous experiments the above fac-
tors have all been proven to have an effect on the relative
crystal intensity of the SrTiO; film.

In our study, a 2-level Taguchi array Lg(27) [29],
was used to describe the experiments. 8 indicates the
number of experiments performed, 2 describes the two
different setting (levels), high or low, of the investigated
variables and 7 is the number of different variables (dif-
ferent factors) taken into account. The low level (rep-
resented by 1) and high level (represented by 2) of the
preparatory factors are shown in Table I. The exper-
imental conditions and results of the experiments are
given in Table II. In the table, columns 1 to 7 repre-
sent the experimental conditions, and column 8 shows
the relative crystal intensity of SrTiOz to Ti obtained
in each run. The films were characterized by XRD to
detect perovskite phases. The relative crystal intensity,
the grain sizes, film thickness and dielectric constants
were also determined.

3.2.1.1. Analysis of variance. The variance of the rel-
ative crystal intensity in Table IT was computed to iden-
tify the most influencial preporatory, factors: results are
shown in Table III (Analysis of Variance). In the table,
S; represents the sum of square of column i and was
computed according to the following equation:

S = (Exl;owlevel _ Exhighlewl)z/nt (1)

1

where n, total number of experiments (= 8 in our case)
and x; = relative crystal intensity.

For factor A (Sr>*-concentration), for example, Sa
is calculated as:

Sa = [(50 4300 + 80 + 310)
— (200 4 260 + 120 + 240)]*/8 = 800 (1A)

St in Table III is the total sum of squares and was
calculated using

Sr=2XS 2

V; represents the mean square (or unbiased variance) of
factor i. It was computed using the following equation:

TABLE III Table of analysis of variance

Vi=S;/¢i 3)

¢; is the degree of freedom.
The next step was to calculate the distribution F;:

Fi=Vi/Ve )

V, is the mean square of the 7th “error” factor.

As seen in Table III, the calculated values for Fa«g,
Fc and Fp are substantially higher than Fa, Fg and Fg.
High values for the calculated distribution F; mean a
greater influence of factor i on the experimental out-
come. The highest F; values were calculated for F¢
(factor: reaction temperature) and Fp (factor: reaction
time). These two factors seem to be the most influental
ones. At 5% significance (0.05) the identification value
F (1,1,0.05)1s 161, at 1% significance (0.01) the iden-
tification value F (1, 1, 0.01) is 4052 [30]. We set 5%
significance (0.05) as our identification value F. Our
calculated F;-values are all significantly lower than the
identification value F', implying that none of the inves-
tigated factors has a significant influence on the result
of the experiment. That could be explained by the fact
that the degree of freedom of error is too small to affect
the accuracy of identification.

3.2.2. The pooling method

Using an orthogonal array, the results of the experi-
ments have a small degree of freedom and therefore a
pooling method is used to increase the freedom of error
¢.. The three lowest S; values were combined (sum-
mation) with the error term. In the analysis of variance
(Table III) the F; values of factors A, B and E were 1.00,
0.56 and 0.25, all significantly lower than Fa«p, Fc and
Fp. This indicates that factors A (Sr>*-concentration),
B (pH-value) and E (surface treatment) have a lesser
effect on the relative crystal intensity of the obtained
SrTiOs film. Therefore, the three factors were com-
bined (“pooled”) with the error term. The analysis of
error variance is shown in Table IV. In Table IV, after
combining Sp, Sg and Sg with S,, the degree of freedom
of error is ¢, = 4.

After recalculating the values in the analysis of error
variance, the Fc-value (reaction temperature) and Fg-
value (reaction time) are 96.8 and 20.0, respectively.
Both F-values are larger than the identification value
F(1, 4, 0.05)=7.71 [30]. Faxg (interaction of Sr**-
concentration and pH-value) is still lower than the iden-
tification value F. Therefore, the Sr2*-concentration
has no significant effect on the obtained relative crystal
intensity. The reaction temperature and reaction time

Sum of Degree of Mean square  Distribution
square (S;)  freedom (¢;)  (V;) (F7) TABLE IV The analysis of variance for the pooling method
A 800 1 800 1.00 Sum of Degree of Mean square  Distribution
B 450 1 450 0.56 square (S;)  freedom (¢;)  (V;) (Fy)
A xB 2450 1 2450 3.06
C 54450 1 54450 68.06 AxB 2450 1 2450 44
D 11250 1 11250 14.06 C 54450 1 54450 96.8
E 200 1 200 0.25 D 11250 1 11250 20.0
Error 800 1 800 - Error 2250 4 562.5 -
St 70400 - - St 70400 - - -
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TABLE V The grain size, film thickness and dielectric constant of films prepared in Table I

Sample Run 1 Run 2 Run 3 Run 4 Run 5 Run 6 Run 7 Run 8
Grain size (um) 0.1-0.2 0.2-04 0.1-0.2 0.2-04 0.1-0.3 0.3-0.6 0.1-0.3 0.2-04
Film thickness (um) 0.1-0.3 0.4-0.6 0.2-0.4 0.4-0.6 0.3-0.5 0.3-0.6 0.2-0.4 0.3-0.5
Dielectric constant 210 315 230 330 265 305 245 285

(at 1 MHz)

were identified as the most influential factors in prepar-
ing a high crystal SrTiO3 film.

3.2.3. The relationship between relative
crystal intensity, grain size, film
thickness and dielectric constant

The grain size, film thickness and dielectric constant

of the films prepared are shown in Table V. The table

indicates that both the grain size and dielectric constant

are proporational to the relative crystal intensity, i.e.

a higher relative crystal intensity results in a higher

dielectric constant.

A different relationship exists between the film thick-
ness and the relative crystal intensity. For shorter re-
action times (3 hrs) the film thickness increased as
the relative crystal intensity and the dielectric constant
increased. However, at long reaction times (20 hrs)
the film thickness continued to increase, whereas the
dielectric constant and relative crystal intensity de-
creased. In a further calculation we chose the dielectric
constant (insteaded) of the relative crystal intensity) as
the objective criterion to determine the most influen-
tial factors, and implemented the Taguchi orthogonal
array design. The results proved again that the reaction
temperature and reaction time were the most impor-
tant factors influencing the dielectric constant of the
obtained SrTiO3 polycrystal thin film.

3.3. Optimal conditions and control
experiment

The average relative crystal intensities, with the reac-
tion temperature set at low level and high level, are
0.113 and 0.278, respectively. The average relative
crystal intensities obtained when the reaction time was
set at low level and high level are also 0.158 and 0.233.
The optimal preparatory conditions can be combined as
C, D, (both reaction temperature and reaction time are
at high level). The relative crystal intensity of the re-
sulting SrTiO; film to Ti substrate is theoretically given
as:

W(CaDy) = p(Ca) + w(Dr) —
=0.278 +0.233 — 0.195 = 0.316

where p(C, D;) optimal relative crystal intensity, £ (C»)
relative crystal intensity at high-level of reaction tem-
perature, p(D;) relative crystal intensity at high-level
of reaction time, and u the average relative crystal in-
tensity of total number of experiments.

This theory was confirmed in a control experiment.
In this experiment the Sr>* concentration of the solu-
tion was set at 0.5 M, pH-value was 13-14, reaction
temperature was 200°C, reaction time was 20 hrs and
the substrate surface was polished with 1 xm diamond

paste. A crystal SrTiO3 film was obtained with proper-
ties described below.

3.4. Comparison of two representative films
from the eight test runs with the film
obtained in the control experiment

The XRD patterns of some of the obtained films are

shown in Fig. 3. Fig. 3A is the film prepared from run 1

in Table II, having a relative crystal intensity of 0.05

A Ti A

A A
@ % : SrTiO;

T

INTENSITY, count (Arbitrary)

DIFFRACTION ANGLE, 26

Figure 3 The XRD patterns of the obtained films. (A) the film prepared
from run 1 in Table II; (B) the film prepared from run 4 in Table II, and
(C) the film from the control experiment with a relative crystal intensity
of about 0.32.
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Figure 4 Dielectric constant of SrTiO3 films. (A) the film of run 1 in
Table II; (B) the film of run 4 in Table II (C) the confirmation experiment
film.
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Figure 5 SEM micrographs of the strontium titanate film prepared by
the confirmation experiment.

(intensity of (110) SrTiOs; peaks in XRD spectrum/
intensity of (101) Ti peak in XRD spectrum). Fig. 3B is
the film from run 4, having a relative crystal intensity
of 0.31. Fig. 3C shows the film from the control exper-
iment with a relative crystal intensity of about 0.32.

The dielectric constants of the films obtained from
run 1, run 4, and the control experiment were measured
at various frequencies. Results are shown in Fig. 4. Ob-
viously, a higher relative crystal intensity results in a
higher dielectric constant. The dielectric constant of
the film obtained in the control experiment was 360 at
1 MHz. Fig. 5 shows that the film has a grain size of
0.2-0.4 pum.

4. Conclusions

Polycrystal strontium titanate films were obtained from
strontium hydroxide in a hydrothermal reaction with a
Ti substrate. The effects of such preparatory conditions
as the Sr** concentration of the solution, pH-value,
reaction temperature, reaction time and the substrate
surface treatment were systematically studied using
Taguchi’s orthogonal array design. Results indicate that
reaction temperature and reaction time are the key
variables influencing the relative crystal intensity and
dielectric constants of films obtained. By combining the
optimal settings of these two influential process vari-
ables, a polycrystalline SrTiO3-film with a high dielec-
tric constant could be obtained.
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