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200 nm-thick BST thin films were grown on Zr-doped In,03/SrTiO3 (1 0 0) substrates at 550-750°C. X-ray
diffraction results show that the as-deposited BST films were polycrystalline with random crystallo-
graphic orientations. X-ray diffraction patterns reveal that the BST film grown at 650°C had the best
crystalline quality of all the deposition temperatures. Atomic force microscopy and secondary ion mass
spectrometry showed that the surface and interface structures of the BST films became rough as the
growth temperature increased. The BST film grown at 650 °C showed the best electrical properties, with
a dielectric constant of 420 at 1 MHz, dielectric tunability of 32.1%, dielectric loss of 0.015 at 300 kV/cm,
and a mean optical transmittance in visible wavelength of 71.3%.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Perovskite barium strontium titanate Ba;_,SrxTiO3 (BST) has
excellent dielectric properties. As a result, BST thin films have
been used in tunable microwave devices, electro-optic switches,
capacitor applications in dynamic random access memory, and
decoupling capacitors integrated into monolithic circuits [1-3].
These applications rely strongly on the excellent structural and
electrical performance of BST films. The process parameters for
BST thin films have a profound influence on the physical properties
of BST films [4,5]. The structural characteristics of BST films, such
as their grain size and defects, affect their dielectric and tunable
properties [6,7]. The type of bottom electrode also affects the crys-
talline quality, chemical homogeneity, and electrical performance
of perovskite dielectric films [8,9].

Recently, there are several studies on fabricating transparent
perovskite oxide devices based on transparent conducting glasses
[10,11]. Moreover, combining an optically transparent single-
crystal substrate with wide bandgap oxides to form thin-film
transistors gives interesting opportunities for optical applica-
tions [12,13]. Previous studies report the electrical and optical
properties of perovskite oxides on transparent single-crystal sub-
strates [14,15]. Indium oxide, zinc oxide, and tin oxide are the
most common optically transparent electronic conductors, and are
widely used in optoelectronic devices [16,13]. However, trans-
parent conducting oxides have different crystal structures and
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chemical constituents of than perovskite dielectric oxides. Hence,
the most important issue in integrating perovskite dielectric oxides
with transparent conducting oxides to form high-efficiency trans-
parent devices is to understand the correlation between the
microstructure and electrical properties of such heterostructures.
This study reports the growth of Zr-doped In,03 (ZIO) thin film
on a transparent single-crystal SrTiO3 (STO) (100) substrate as
the bottom electrode. The resulting ZIO thin films possesed supe-
rior optoelectronic properties [17]. This study also examines the
growth temperature dependence of the correlation between the
microstructure and electrical properties of the BST thin films pre-
pared by radio-frequency magnetron sputtering.

2. Experimental

210 nm-thick ZIO films were grown on the single-crystalline STO (100) sub-
strates using radio-frequency magnetron sputtering in pure ambient argon at 500°C.
The target material was prepared on mixing the precursor oxide powders of ZrO,
(5wt%) and In, 03 (95 wt%), pressing the powders into a pellet, and sintering it to
realize a high density. The Zr/In atomic ratio of the ZIO film is estimated to be 0.06
by X-ray photoelectron spectroscopy (XPS). The detailed binding states for the ele-
ments of ZIO thin films have been described elsewhere [17]. The ZIO film has a
resistivity of ~2.8 x 10~ € cm. The 200 nm-thick Bag ¢Sro4TiO3 thin films were fol-
lowing grown on ZIO-buffered STO substrates at various temperatures (550-750°C).
During the deposition of the BST thin films, the gas pressure of deposition was fixed
at 30 mTorr with an Ar/O, ratio of 4:1.

The crystallographic structures of the films were analyzed with measurements
of X-ray diffraction (XRD). The composition depth profiles of the films were exam-
ined using secondary ion mass spectrometry (SIMS). The surface morphology of
the films was investigated with an atomic force microscope (AFM). The optical
transmittance of the samples was measured using a UV-visible spectrometer.

Pt top electrodes were sputtered onto the surface of the BST thin films at room
temperature for the measurements of electrical properties. The dielectric properties
of BST thin films were measured at 1 MHz using an HP4284 impedance analyzer.
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The leakage current density was measured using an HP4140B pA meter/dc voltage
source at room temperature.

3. Results and discussion

Fig. 1 shows the XRD pattern of the ZIO film grown on the
single-crystalline STO (100) substrate. The Bragg reflections cor-
responding to ZIO (400) and (440) were observed in the XRD
pattern, revealing a well crystalline ZIO film was formed on the
STO substrate. Notably, the intensity of ZIO (4 00) Bragg reflection
is quite weak in comparison with that of ZIO (44 0). The ZIO film on
the STO (100) substrate shows a (44 0)-textured crystallographic
structure. Moreover, the absence of Bragg reflections for ZrO, phase
in the XRD pattern indicates the effective solid solution of Zr dopant
in the In, 03 film.

Fig. 2 shows an AFM image of the ZIO/STO thin film prepared
in this study. The surface morphology of this film clearly shows
an orthogonal domain surface structure with a root-mean-square
(rms) roughness of 5.53 nm. Previous studies report the crystal-
lographic orientation-dependent morphology of surface grains for
sputtered epitaxial ZIO and polycrystalline impurity-doped In,03
films [18-20]. The (44 0)-textured crystallographic feature of the
deposited film clearly results in the orthogonal domain surface
structure of the polycrystalline ZIO film on the perovskite STO
(100) substrate. This finding is consistent with previous research
on sputtered polycrystalline Sn-doped In, 03 films [20].
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Fig. 1. XRD pattern of ZIO thin film on the STO (100) substrate.

Fig. 2. AFM surface image of ZIO thin film grown on the STO (1 00) substrate.
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Fig. 3. XRD patterns of BST thin films grown on the ZIO/STO substrates at various
temperatures.

Fig. 3 shows the XRD patterns of BST thin films grown on
ZIO/STO substrates at various temperatures. These XRD patterns
reveal Bragg peaks corresponding to the perovskite-structured BST
phase. The as-deposited BST thin films showed a randomly oriented
crystallographic feature. In this figure, the (11 0) orientation dom-
inates the crystallographic feature in the polycrystalline BST thin
films. Many researchers have shown a preference for the (110)
orientation in BST films grown on substrates with crystal struc-
ture differ from that of the upper BST thin film layer [21]. The BST
thin film grown at 550 °C had a higher full width at half maximum
(FWHM) value and a lower (11 0) Bragg reflection intensity than
the BST film grown at 650 °C. A higher growth temperature resulted
in a higher crystalline quality of the film. However, as the growth
temperature reached 750 °C, the FWHM value increased and (11 0)
Bragg reflection intensity decreased. The BST thin film grown at
750°C exhibited a clear shift in the Bragg peak to a relatively lower
position compared to that grown at 650 °C. This might be attributed
to more oxygen vacancies or defects in the BST thin film grown at
a higher temperature [7]. Serious interdiffusion between the BST
and ZIO thin films might occur at a growth temperature of 750 °C,
which might also account for the worse crystalline quality of the
high-temperature deposited BST thin film.

Fig. 4 shows the SIMS depth profiles of BST thin films grown
on the ZIO-coated STO (100) substrates at various temperatures.
The SIMS depth profiles of the BST thin film grown at 550 °C reveal
a compositionally sharper interface with no obvious interdiffu-
sion of constituent elements between the as-deposited dielectric
BST film and the ZIO bottom electrode. The compositional profiles
at the BST-ZIO interface became broader as the growth temper-
ature increased. This may be because a high growth temperature

Secondary ion counts

0.0 01 02 03 0.4 05
Depth (um)

Fig. 4. SIMS depth profiles of BST/ZIO/STO films grown at various temperatures: (a)
550, (b) 650, and (c) 750°C.
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induced interdiffusion between the constituent oxide compounds.
The existence of an interfacial layer due to the atomic interdiffu-
sion of dielectric thin films grown on transparent conductive oxides
degrades the electrical performance of perovskite dielectric films
[10].

Fig. 5 shows the surface morphology of BST films grown at var-
ious temperatures on ZIO-coated STO substrates. The grain size of
the BST film increased with growth temperature, creating a coarse
surface. The rms roughness of BST films grown at 550, 650, and
750°C was 3.19, 3.87, and 4.53 nm, respectively. The grain size

(@)

Fig. 5. AFM surface images of BST thin films grown on the ZIO/STO substrates at
various temperatures.
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Fig. 6. Optical transmittance of BST/ZIO/STO films grown at various temperatures.

increased with increasing growth temperature, creating a corre-
sponding increase in surface roughness. Fig. 6 shows the optical
transmittance of the BST/ZIO/STO films. The mean optical trans-
mittance of STO substrate is around 81% [22]. The transparency of
the BST films has been shown a clear drop in the UV region [23].
The absorption edges of the BST thin films are at the wavelength of
~320 nm, whichis close to thatin literatures. The BST/ZIO/STO films
grown at 550, 650, and 750°C had mean optical transmittances
of 74.5, 71.3, and 64.5%, respectively, in the visible wavelength
regions. Changes in electronic structure due to crystal quality may
be responsible for variations in the optical properties of BST thin
films [24]. The rough film surface and many micro-defects in the
BST film grown at 750°C might be responsible for its serious
decrease in optical quality. Optical transmittance data reveal that
the BST films grown below 650°C had satisfactory optical trans-
parency over 70%.

Fig. 7 shows the electrical properties of BST thin films grown on
the ZIO/STO substrates at various temperatures. The BST thin films
grown at 550, 650, and 750 °C had dielectric constants measured
at 1 MHz of 372, 420, and 334, respectively. The BST film grown at
750°C showed the worst dielectric constant. This might be due to
the many defects in the film and serious interdiffusion between the
BST dielectric layer and ZIO thin-film electrode. Fig. 7(a) shows the
dielectric tunability of BST films as a function of applied electric
field. This study defines dielectric tunability as [¢(0) — &(E)]/e(0);
where £(0) and ¢(E) are the dielectric constant at the zero electric
field and applied electric field E, respectively [7]. The dielectric tun-
ability at 300 kV/cm of the BST thin film grown at 550 °C was 22.4%,
whereas that of the film grown at 650 °C reached 32.1%. The unsat-
isfactory dielectric tunability performance of the BST film grown
at 550°C was due to the poor crystallinity of the film. A further
decrease in dielectric tunability in the BST films grown at 750°C
confirmed that a high growth temperature further deteriorates film
quality. The BST film grown at 750 °C exhibited a low dielectric tun-
ability of 13.5%. Fig. 7(b) shows the dielectric loss of BST films as
a function of applied electric field. The BST film grown at 650°C
showed the lowest dielectric loss of 0.015 at 300kV/cm, while
those for BST films grown at 750 and 550 °C were 0.028 and 0.019
at 300kV/cm, respectively. The BST film grown at 750°C exhib-
ited a large dispersion in the curve of dielectric loss vs. electric
field. This could be associated with poor film homogeneity and the
existence of an internal interfacial barrier [25]. The electrons result-
ing from the generation of oxygen vacancies forming during the
high-temperature deposition of oxide thin films can hop between
different titanium ions, inducing the reduction of Ti** to Ti3*. This
in turn provides a mechanism for dielectric losses [26]. A decrease
in the number of grain boundaries increases conductivity. Thus,
films deposited at a high temperature had higher dielectric loss



Y.-C. Liang et al. / Journal of Alloys and Compounds 509 (2011) 7948-7952

404 (a)

Tunability (%)

0 ; : : . : T )
0 50 100 150 200 250 300 350
Electric field (kV/cm)
61
54
=
z e
g i |
§ 34 = S
&
Q 24
- T —t—t—t—— ¢ g
1 T T T T T T 1
0 50 100 150 200 250 300 350

Electric field (kV/cm)

7951

401 (C)

30

350
1E-3+
__Eenhd;
E 1E-44 e
o ..I"-- o
< Y ot
S 1ES e e
2 1E-64 J’ ...--.
% o -"-.
E 1E-7 4 .’.,.4"'
3 1Esd
0 50 100 150 200 250 300 350

Electric field (kV/cm)

Fig. 7. Electrical properties of BST/ZIO/STO films grown at various temperatures: (a) tunability vs. electric field, (b) dielectric loss vs. electric field, (c) FOM values vs. electric

field, and (d) current density vs. electric field.

due to contributions from resistive loss [27]. These factors explain
why the BST film grown at 750°C had a relatively large dielectric
loss. Fig. 7(c) shows values of the figure of merit (FOM) for the BST
films, where FOM is defined as tunability/dielectric loss. The FOM
value measured at 300 kV/cm increased from 11.54 to 20.87 for
BST films as the growth temperature increased from 550 to 650 °C.
An increase in crystalline quality due to a higher growth tempera-
ture might account for this increase in the FOM value. However, a
large decrease in the FOM value (from 20.87 to 4.68) occurred when
the growth temperature of BST films increased from 650 to 750 °C,
indicating that the film grown at 750 °C had an unsatisfactory FOM
for tunable devices. Fig. 7(d) depicts the leakage current-voltage
characteristics of BST films. In this figure, the BST film deposited
at a relatively low temperature shows much better leakage current
characteristics. Arougher surface and dielectric film interface struc-
tures may increase the leakage current [28]. Moreover, the grain
size of BST film increased as the growth temperature increased.
The grain boundary was the conduction path of the leakage cur-
rent in the polycrystalline dielectric thin films. The BST film grown
at 550°C had smaller grains. These relatively small grains were
more effective at blocking the short-cut routes in the film, and
thus reduced the leakage current in the BST thin film deposited
at a relatively low temperature [6,7].

4. Conclusions

The ZIO thin film grown on a STO substrate showed a (440)-
textured crystallographic structure and an orthogonal domain
surface structure. XRD patterns show that the BST thin film grown
at 650 °C on this substrate had the best crystalline quality of all the
samples. SIMS depth profiling showed that the BST and ZIO inter-
face became rough as the growth temperature increased, which
may be due to atomic interdiffusion at high temperatures. A high
growth temperature resulted in a rougher surface structure, which
further decreased the optical transmittance of the BST film. Elec-
trical measurements demonstrated that the BST grown at 750°C
showed the worst dielectric and leakage current properties due to
more defects, a rough surface, and interface film structures. How-

ever, the relatively low growth temperature of 550°C produced
BST films with lower crystalline quality, which also contributed to
a deterioration in the electrical properties of the BST film on the
ZIO/STO substrate. The BST film grown at 650 °C showed the best
electrical properties, with a dielectric tunability of 32.1%, a dielec-
tric loss 0of 0.015 at 300 kV/cm, and a mean optical transmittance of
71.3% in the visible wavelength regions.
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