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Ferroelectric Sro 6oBao 4oNb206 thin films by the sol-gel process: Electrical and optical properties

Yuhuan Xu, Ching Jih Chen, Ren Xu, and John D. Mackenzie
Materials Science and Engineering Department, University of California, Los Angeles, California 90024

(Received 22 October 1990; revised manuscript received 25 January 1991)

Transparent ferroelectric strontium barium niobate (SBN) thin films were made on fused silica, silicon,

and GaAs substrates by the sol-gel process. The microstructure of these thin films was studied. Prefer-

entially oriented SBN thin films on fused silica substrates can be obtained by applying a dc electric field

during heat treatment. A heterojunction effect was further confirmed by the demonstration of photo-

current. The optical, pyroelectric, ferroelectric, and electro-optic properties of the SBN films were mea-

sured. An optical refractive index of 2.31 and effective linear electric-optic coefficient of 30X 10 ' m/V

were obtained on the film.

I. INTRODUCTION

In the past 2 years, a tremendous increase of interest in
ferroelectric thin films has been aroused in the ferroelec-
tric community because of a number of recent advances
in thin-film processing. Various application capabilities
of ferroelectric thin films, such as in piezoelectric or elec-
troacoustic transducers, ' high-frequency surface-
acoustic-wave (SAW) devices, pyroelectric infrared
detectors, ferroelectric memory cells, ' ferroelectric-
photoconductive displays, ' two-dimensional spatial
light modulators or optical waveguide devices integrated
onto GaAs or Si with a Si02 buffer-layer modulator, ' '
ferroelectric gate [field-effect transistors (FET's)] and
"MIST" (metal-insulator-semiconductor-transistors) de-
vices, ' ' highly complex nonvolatile and radiation hard
memory circuits, ' ' etc. , have been proposed, studied,
and demonstrated.

Among the ferro electric thin films studied, SBN
(strontium barium niobate solid-solution series
Sr, Ba Nb206, where 0.2&x &0.8) films are of special
interest and have many important applications. They
have a tetragonal tungsten-bronze- (TB-) type structure
and belong to the point group with 4mm symmetry at
room temperature. Because of the continuously variable
ratio of Sr to Ba, the Curie temperature T& of SBN can
be altered in the range of 60—250'C. At room tempera-
ture a spontaneous polarization occurs along the c axis of
the tetragonal lattice in SBN crystal. '

SBN crystal possesses excellent pyroelectric and linear
electro-optic effects with low half-wave voltage. A
strong photorefractive effect and two- (or four-) wave
mixing in doped SBN crystals were observed. A
polycrystalline ferroelectric thin film of SBN
([Sr]/[Ba]=50/50, grain size approximately 2—3 pm) was
obtained by rf sputtering. This film displays approxi-
mately the same nonlinear properties as those observed in
SBN single crystals.

Recently, we reported our observations of the self-
biased heterojunction effect of ferroelectric thin films on
silicon substrates. Transparent, crack-free, polycrystal-
line SBN (60/40) thin films were coated on silicon and
fused silica substrates by a sol-gel process. Preferential-

ly oriented SBN thin films on a fused silica substrate can
be formed by applying a dc electric field (about 1

kV/mm) parallel to the surface of the substrate during
heat treatment.

In this work SBN thin films on different substrates in-
cluding silicon, GaAs, and fused silica substrates were
made by the sol-gel technique. This process has a num-
ber of advantages over conventional techniques such as
high homogeneity, ease of composition control, low
sintering temperature (about 50% of that of correspond-
ing ceramics), and the possibility of fabricating large-area
thin films. Microstructure and physical (pyroelectric, fer-
roelectric, and optical) properties of these thin films were
studied.

II. PROCESSING

SBN thin films studied here were fabricated by the sol-
gel method using metal alkoxides as starting materials
with purities higher than 95%. The homogeneous solu-
tions were prepared by mixing the metal alkoxides with
appropriate compositions. After hydrolysis and polycon-
densation, when the solution viscosity reaches a desired
value, direct dipping or spin-on techniques were used to
form thin film of gel on fused silica plates, silicon wafers
[n-type (111)wafer with resistivity of 0.0005—0.025 0 cm
and p-type (111) wafer with resistivity of 0.010—0.020
0 cm], as well as GaAs wafers. The films were then dried
and heat treated in air. Heat-treatment temperatures and
durations for these ferroelectric thin films were
700—850'C and 0.5—1 h, respectively. When the final heat
treatment was finished, the average film thickness for one
single dip in the 0.1-mol/1 solution was estimated to be
around 1000 A. A typical Aow chart for the fabrication
of SBN thin films is shown in Fig. 1. Thicker films may
be obtained by repeated cycles of dipping and heat treat-
ment. The thickness of the film was determined by scan-
ning electron microscopy of polished cross sections.
Films used in electrical measurements were approximate-
ly 0.8 pm in thickness. Differential thermal analysis and
x-ray diffraction of sintered thin films suggested that
these films were polycrystalline.

For electrical measurements electrodes were made by
sputtering Au or evaporating Al onto the corresponding
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FIG. 1. Typical How chart for the fabrication of SBN thin
films by the sol-gel process.

surface. The other electrode was the silicon (or GaAs)
substrate. A metal —ferroelectric film —Si sandwich struc-
ture was thus formed. SBN films were also deposited on
fused silica substrates to study the microstructure and
optical properties. Transparent ferroelectric SBN thin
films were obtained on fused silica substrates.

using a polarized-light microscope operated in rejecting
mode, ferroelectric domain patterns were revealed in the
film. Figures 2(a) and 2(b) were taken separately from the
same locations in the film on the silicon wafer observed
with the light-beam polarization directions perpendicular
to each other. Regions of uniform spontaneous polariza-
tion within a grain or between several grains, similar to
that of PLZT (lead lanthanum zirconate titanate) ceram-
ics, can be observed.

The x-ray-diffraction patterns showed that the lattice
structure of the SBN thin films was the same as that of
the single crystal (from ASTM x-ray-diffraction data). A
preferentially oriented SBN thin film on a fused silica
substrate can be formed by applying a dc electric field
parallel to the surface of the film during heat treatment.
Figure 3 shows the x-ray- (with size 1.5 X 0.2 cm )

diffraction patterns of two samples having the same com-
position and thickness, made by the same process at the
same time. One of the samples (lower, without any dc
field) shows only random orientation. Another sample
(upper) subjected to an applied dc field (about 1 kV/mm)
during heat treatment showed enhanced intensities of the
lines with low Miller indices on the c axis, such as (130),
(620), (121), and (131). This result suggests that the lat-
tice planes (130), (620), (121), and (131) lay in the plane of
the film surface and the c axes in the grains are preferen-
tially oriented in such a way that they are parallel (or
nearly parallel) to the direction of the applied dc field.
Figure 4 is a representation of the above lattice planes,
and it is shown that these planes correspond to the close-
packing planes of oxygen atoms in the SBN structure
(tungsten-bronze structure).

III. MICROSTRUCTURE

Microstructures were studied by x-ray diffraction and
direct microscopy. For example, a SBN thin film (with a
Sr/Ba ratio of 60/40, heat treated at 750'C/h, and with a
thickness of 0.8 pm) on a silicon substrate had grains
with average planar dimensions from 0.3 to 0.8 pm. By
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FIG. 2. Micrographs (1000' ) of Srp 6pBap 4pNb&06 thin film
(0.8 pm) on a silicon wafer by a polarized-light microscope. The
condition of heat treatment of the film is 700 C by 1 h. (a) and
(b) were taken separately with the light-beam polarization direc-
tions perpendicular to each other at the same location of the
film.

FIG. 3. X-ray-di6'raction patterns of SBN thin films with
(upper) and without (lower) applying a dc field during heat
treatment.
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FIG. 4. Schematic illustration of lattice planes (130), (620),
(121), and (131) are close-packing planes of oxygen atoms in the
SBN structure (tungsten-bronze structure). A basic octahedral
framework of the tungsten-bronze structure (looking down the
tetragonal and orthorhombic c axis) is shown below.

IV. OPTICAL, DIELECTRIC, PYROELECTRIC,
AND FERROELECTRIC PROPERTIES

The optically transparent films were measured in the
wavelength range of 0.2—2.5 pm by a Perkin Elmer 330
UV spectrometer. The optical transmission spectrum of
SBM films on fused silica substrates is shown in Fig. 5.
Refractive indices of 2.31+0.01 were measured on SBN
films at a wavelength of 6328 A by an automatic ellip-
someter (Auto El-1I). These data approximate very well
with those in single crystals. Therefore, it was concluded

that these thin films made by the sol-gel process were
highly densified. The optical anisotropy of the preferen-
tially oriented SBN film on a fused silica substrate was
observed by putting the SBN film between a detector and
a rotatable polarizer which was in front of a light source.
The measured result using a light beam with beam diame-
ter of 2 mm is shown in Fig. 6. Note that the minimum
in transmitted light intensity is not exactly at 90 . A pos-
sible cause is that the average orientation of the c axes of
the grains covered in the measured area slightly deviates
from the average orientation of the c axes in the whole
film.

Dielectric properties of the SBN thin film were mea-
sured on a sample with an Al —SBN thin-film (3000
A) —GaAs sandwich structure by using a HP-4192A im-
pedance analyzer. The capacitance and the dielectric loss
at 1 kHz as a function of temperature are shown in Fig.
7. The change of capacitance in this sample is smaller
than that for a single-crystal sample, ' because the
overall observable capacitance is reduced because of the
fact that the effective capacitor of the interface hetero-
junction between the ferroelectric film and semiconductor
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FIG. 5. Optical transition spectrum of SBN thin film (0.8
pm) made by the sol-gel process on a fused silica substrate.

FIG. 7. Dielectric properties of a sample with
Al —SBN—GaAs sandwich structure as a function of tempera-
ture.
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FIG. 8. Ferroelectric P-E hysteresis loop of SBN Alm on
CxaAs (with doping of Zn, p-type conductivity of 640
Q 'cm '). The scale of the x axis (E) is 44 kV/cm/div, and
the scale of the y axis (P) is 6.6 pC/cm /div. (a) 25 C, (b) 110'C,
(c) 175'C, and (d) 200'C.

substrate is connected in series with the film. From the
curves of dielectric properties versus temperature, a
diffuse-phase-transition-type ferroelectric-paraelectric
phase transition is seen to begin at about 190 C [see also
Fig. 8(d)j.

The pyroelectric coeScient was measured with a
dynamic method, ' in which the sample (with
Au —ferroelectric film —Si sandwich structure) was heated
in the temperature range from 30 to 140 C, while a py-
roelectric current i was measured by a picoammeter (417
Keithley Instruments) connected in series with the sam-
ple. Before the measurement, the sample of SBN film
was poled at 100'C with a dc electric field of about 2.5
kV/mm. The experimental result was reported in an ear-
lier paper. ' The pyroelectric coefFicient of 2 X 10
C/cm K was obtained at room temperature (27 C),
which is of the same order of magnitude of that of SBN
single crystal. '

Ferroelectric hysteresis loops of thin films were ob-
served by a modified Sawyer-Tower bridge with an ad-
justable compensation condenser. Loops and resistivity
were measured by a Keithley 196 System DMM multime-
ter. A symmetric ferroelectric hysteresis loop was ob-
served in the thin films with a pair of parallel Au elec-
trodes sputtered on the surface of the film, and asym-
metric loops were observed by using a metal —SBN—GaAs
(with low resistivity) sandwich structure (see Fig. 8). As
shown in Figs. 8(a)—8(d), the hysteresis loop of the SBN
film becomes slimmer when the temperature is increased,
and the polarization gradually drops down to zero (in a
paraelectric phase) at 200'C. However, in general, hys-
teresis loops of ferroelectric thin films on a Si substrate
are asymmetric, and the P-E loops of film with the same
chemical composition on silicon wafers of different con-
duction type are significantly different.

It is readily seen that in all cases ferroelectric thin films
are not ideal insulators but rather semiconductors. We
have studied various ferroelectric films on both n- and @-
silicon substrates. I-V curves of a metal —ferroelectric
film —silicon sandwich structure were observed. These I-V
curves are similar to that of a p-n junction diode. A
heterojunction effect has been observed and a theoretical
model proposed by the authors has been published.

Photocurrent and photovoltaic effects were demon-
strated by using a transparent ITO (indium tin oxide)
electrode —ferroelectric film —silicon structure. The mea-
sured results of stable photocurrent density and stable
photovoltage in a SBN thin film on a silicon substrate are
shown in Figs. 9 and 10, respectively. These effects were
caused by neither a pyroelectric eff'ect (because pyroelec-
tric current density is in the order of 10 A/cm ) nor a
photovoltaic effect in a ferroelectric monodomain crystal
(since the ferroelectric thin films were not poled, and con-
sequently, the films have a polydomain structure with
randomly oriented grains). This result strongly supports
the argument that photovoltaic and photocurrent effects
were caused by the heterojunction effect at the interface
between the ferroelectric thin film and silicon substrate.
This newly observed photovoltaic effect of the ferroelec-
tric film —silicon heterojunctioii offers potential applica-
tions in photonic detector devices and solar cell devices.
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V. ELECTRO-OPTICAL PROPERTIES

The electro-optical properties of the SBN (60/40) thin
film on fused silica made by the sol- ele y e so -gel process were
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TABLE I. Polynomial fits of electro-optic effect in SBN thin film made by the sol-gel method.

Experimental
curve in Fig. 11

(from —20
to +20 kV/mm)

(from +20
to —20 kV/rnm)

ao
(10 )

—0.795

—5.25

a&

(10 " m/V)

—1.65

4.92

a2
( 10

—17 m2/V2)

—2.28

—2.14

a3
(10 " m'/V')

0.385

—1.05

a4
(10 m /V )

1.93

1.77

tric field E up to four terms:

5(bn)=ao+a, E+a2E +a3E +a4E (2)

r, =25(b, n)/n E (when E is small), (3)

where n is the refractive index of the film. The effective
linear electro-optic coefficient r, of the poled sample cal-
culated, as shown by the open circles in Fig. 11, from Eq.
(3) was approximately 30 X 10 ' m/V using 2.3 as the
value of the refractive index and the birefringence change
obtained from the curve in Fig. 11 at small dc field ((2
kV/mm). Even though the refractive index of the SBN
film is almost the same as single crystals, the dielectric

where ao is the remanent birefringence. The remanent
birefringence corresponds to the remanent polarization of
ferroelectrics after the sample was poled by an applied dc
field with the field removed. The coefficients ao, a&, a2,
a3, and a4 in Eq. (2) for the experimental curve of the un-
poled sample (when the applied field changed from —20
to +20 kV/mm for the first half of the cycle, represented
by solid circles) and for the experimental curve of the
poled sample (when the applied field changed from +20
to —20 kV/mm to complete the measurement cycle,
represented by open circles) are listed in Table I. Ap-
parently, remanent birefringence ao and the coefficients
in terms of odd powers of E (a, and a3 ) in the poled sam-
ple are much larger than those in the unpoled sample.
That is because ao, a&, and a3 of ferroelectric materials
are related to the dielectric and optical anisotropies,
which could be enhanced by an applied field on the sarn-
ple. However, az and a4, the coefficients in terms of even
powers of E, are almost the same in both curves owing to
the fact that these coefficients are independent of the an-
isotropy of the electro-optic material.

Usually, for the convenience of application, the trans-
verse effective linear electro-optic coefficient r, (after pol-
ing and when E is enough small) can be calculated ap-
proximately from the change in birefringence using the
equation

and optical anisotropies (corresponding to the coefficient
a i and the optical birefringence) of a polycrystalline film

should be smaller than those of a single crystal. It is
therefore expected that r„which depends on the dielec-
tric and optical anisotropies of the ferroelectric materials,
to be smaller than those of the SBN single crystal.

VI. SUMMARY

(1) Transparent, crack-free polycrystalline, and fer-
roelectric SBN thin films on a fused silica substrate have
been fabricated by the sol-gel process.

(2) Preferentially oriented SBN thin films on a fused sil-
ica substrate can be formed by applying a dc electric field
(about 1 kV/mm) parallel to the surface of the substrate
during heat treatment.

(3) A heterojunction effect in the sandwich structure of
metal —ferroelectric film —silicon discovered from the mea-
surement of I-V curves has been further confirmed by the
demonstration of photovoltaic and photocurrent effects.

(4) The optical refractive index (=2.31) of the SBN
thin film by the sol-gel process is close to that in single
crystal. The pyroelectric coefficient and linear electric-
optic coefficient of the SBN thin film are smaller than
those in single crystal. However, these coefficients are of
the same order of magnitude as those in single crystal and
certainly larger than some of the other ferroelectric crys-
tals, such as LiNb03 and LiTaO3.
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