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Preferentially (222)-oriented PbSc;sTaysO; (PST) thin films were prepared on Pt/Ti/
Si0,/Si substrates by pulsed laser deposition at a temperature as low as 400°C. Their
ferroelectric properties were improved by postdeposition annealing at 500°C, where the
polarization at zero electric field was 1.4 pC/cm?. The temperature coefficient of the
dielectric constant (TCD) was also improved to 1.1%/K at 25°C, indicating that the PST
thin film is a promising candidate material for use in an infrared image sensor of dielectric
bolometer mode, which is based on the temperature dependence of the dielectric constant.

1. Introduction

In recent years uncooled thermal infrared (IR) sensors of dielectric bolometer (DB)
mode have attracted much attention, because they operate with high sensitivity, without
chopping, at low power and at room temperature. In the IR sensor of DB mode, the
dielectric constant change with temperature is detected through the capacitance change in
a ferroelectric thin film such as (Ba,_,Sr,)TiO; BST),* Ba(Ti, ,Sn,)0; (BTS),®” Pb(Mg; Nb,)Os-
PbTiO; (PMN-PT) or (Sr;_Ba,)Nb,Os (SBN).® To obtain a high figure of merit for
voltage responsivity (R,) and specific detectivity (D¥), it is advantageous for the ferroelec-
tric thin film to have a Curie temperature (7,) close to the operating temperature.
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We have so far reported on BST and BTS films as IR detecting ferroelectric materials
in the IR sensor of DB mode, for which a high figure of merit was obtained, and some 2D
array sensors have been demonstrated.“"® However, a BST film having high sensitivity
showed low resistivity, and a film having high insulation showed low sensitivity. Conse-
quently, it was difficult to obtain good performance with high reliability, reproducibility
and stability.

Solid-solution Pb(ScysTa,5)O; (PST) in a complex perovskite structure (A(B’B’”)0s)
is another attractive candidate material for fabricating an IR sensor of DB mode. Because
bulk PST exhibits a first-order phase transition over the temperature range from O to
26°C,® a PST thin film is expected to show a high temperature coefficient of dielectric
constant (TCD) around room temperature. PST films have been grown by sputtering,?%-1D
sol-gel,!? metal-organic chemical vapor deposition*® and pulsed laser deposition (PLD).0#
However, few reports have appeared concerning PST deposition on Pt/Ti/SiO,/Si sub-
strates, on which we have previously developed monolithic integration of a detecting
capacitor, signal-processing MOSFETs and a thermally insulated structure for a detector
pixel using Si bulk micromachining.!>

In this study, we report first on a preferentially (222)-oriented PST film prepared on a
Pt/Ti/Si0,/Si substrate by PLD with a low deposition temperature. Next, by optimizing the
postdeposition annealing conditions, we investigated how to improve the ferroelectricity
and TCD from the viewpoint of applications to IR sensors of DB mode.

2. Experimental

An ArF excimer laser (wavelength: 193 nm) was used for ablation. The laser beam was
focused with a quartz lens onto a Pb, 5S¢y sTa,sO; ceramic target rotating in a vacuum
chamber. Deposition conditions are shown in Table 1. The substrate was Pt/Ti/SiO,/
Si(100), on which metal layers (20-nm-thick Ti and 200-nm-thick Pt) were successively
deposited by RF magnetron sputtering on a thermally oxidized Si(100) wafer. The

Table 1
Conditions of deposition and postdeposition annealing of PST films by pulsed laser deposition.

Target PST ceramic disk
Substrate Pt/Ti/Si0,/Si(100)
Substrate temperature 300-600°C

Gas 0,

Gas pressure 27 Pa

Laser ArF excimer
Repetition frequency 5Hz

Fluency 1.5 Jlem?
Target-substrate distance 30 mm
Deposition time 4h

Postdeposition annealing temperature 400-800°C
Postdeposition annealing time 1-30 min
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chamber was evacuated to a pressure below 10~ Pa before O, gas was introduced. The
deposition was performed for 4 h, and the deposited film thickness was 300 nm. The films
were postdeposition annealed over a temperature range of 400 to 800°C in flowing oxygen.
To fabricate metal-ferroelectric-metal capacitors, the top Pt elecwode was deposited on the
PST film by RF magnetron sputtering. The area of the top electrode was 8.0x10~* cm?.

Crystalline structures of the deposited films were analyzed by X-ray diffraction (XRD)
analysis (RINT-2000), and a scanning electon microscope (SEM) was used to observe the
film surface morphology. Polarization hysteresis and leakage current were evaluated using
a ferroelectric test system (TOYO Corporation). The dielectric constant and loss value
were measured using an LCR meter at 1 kHz and 1 V over a temperature range of 20 to
50°C.

3. Results and Discussion

3.1 Crystallization characteristics

The XRD patterns of the as-deposited PST films on Pt/Ti/SiO,/Si(100) as a function of
deposition temperature are shown in Fig. 1. As shown in this figure, film crystallinity
depends strongly on the deposition temperature. The PST film deposited at 300°C has an
amorphous structure. On the other hand, a predominant peak corresponding to the
pyrochlore phase of PST (pyr(222)) was detected for the PST films deposited in the
temperature range over 450°C. Only the PST film deposited at 400°C shows the preferred
PST perovskite orientation (per(222)).
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Fig. 1. XRD patterns of PST films on Pt/Ti/SiO,/Si substrate as a function of substrate temperature
during deposition: (a) 300°C, (b) 400°C, (c) 450°C, (d) 500°C, (e) 550°C, (f) 600°C.
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First, we tried to obtain the PST perovskite structure in the film deposited at 300°C by
postdeposition annealing at a temperature of 800°C, and investigated the crystallization
characteristics of the PST films and the thermal stability of the pyrochlore and perovskite
phases of PST. Figure 2 shows the XRD patterns for the 300°C-deposited films as a
function of postdeposition annealing temperature. The XRD patterns reveal that the PST
pyrochlore (222) peak intensity increases as the postdeposition annealing time increases,
and that the PST perovskite (222) peak is observed only for 1 min postdeposition annealed
PST films. It becomes clear that the amorphous PST films deposited at 300°C are prone to
wansformation to the PST pyrochlore phase rather than the perovskite phase by postdeposition
annealing. Furthermore, the PST films deposited over 450°C, which showed preferentially
(222)-oriented pyrochlore structures, as shown in Fig. 1, could not be transformed to the
PST perovskite structure by postdeposition annealing at temperatures of 700 and 800°C.

In this study, we focus on the PST films deposited at 400°C, because these films have
the preferentially (222)-oriented perovskite structure but little pyrochlore structure, as
shown in Fig. 1. The 400°C-deposited PST films, however, have a small ferroelecwicity, as
is shown in Fig. 4. Therefore, we investigate the effect of postdeposition annealing on
improving ferroelectricity. The PST films were postdeposition annealed for 30 min, which
is considered to be long enough to change the crystallinities of the films from those shown
in Fig. 2. Figure 3 shows the XRD patterns of the PST films deposited at 400°C as a
function of postdeposition annealing temperature. The XRD patterns reveal that the PST
pyrochlore (222) peak intensity increases slightly as the postdeposition annealing tempera-
ture increases. In conwast, the PST perovskite (222) peak intensities are almost the same at
the postdeposition annealing temperatures of 400 and 500°C, while the peak disappears at
a postdeposition annealing temperature above 550°C.
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Fig. 2. XRD patterns of PST films deposited at 300°C on Pt/Ti/SiO,/Si substrate as a function of
postdeposition annealing time: (a) as-deposited, (b) 1 min, (c) 3 min, (d) 10 min, (e) 30 min.
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Fig. 3. XRD patterns of PST films on Pt/Ti/SiO,/Si substrate as a function of postdeposition
annealing temperature: (a) as-deposited, (b) 400°C, (c) 500°C, (d) 550°C, (e) 800°C.
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Fig. 4. P-E hysteresis loops of 400°C-deposited PST films at different postdeposition annealing
temperatures: (a) as-deposited, (b) 400°C, (c) 500°C, (d) 550°C.
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3.2 Effect of postdeposition annealing on electric properties and surface
morphology

Figure 4 shows the P-E hysteresis loops at room temperature (25°C) for PST films
deposited at 400°C before and after postdeposition annealing at temperatures of 400 to
550°C. The as-deposited PST film shows a small ferroelectricity with a polarization of 0.5
1Clcm? at zero electric field, and the 400°C- and 500°C-postdeposition annealed PST films
exhibit improved ferroelectricity with a polarization of 1.4 uC/cm? at zero electric field,
which is three times larger than that of the as-deposited PST films.

On the other hand, the PST films which were annealed above 550°C show almost no
ferroelectricity. This phenomenon is consistent with the experimental result that the
550°C-postdeposition annealed PST film does not exhibit the PST perovskite (222) peak,
as can be seen in Fig. 3.

It is interesting to note that the ferroelectricity of the PST film was improved by
postdeposition annealing at 400 and 500°C, whereas the PST perovskite (222) peak
intensities of the PST films are almost the same before and after postdeposition annealing.
Thus, we investigate the influence of postdeposition annealing at 500°C on surface
morphology, leakage characteristics and dielectric constant to clarify the reason for the
improvement of the ferroelectricity.

Figure 5 shows SEM images of surface morphology of the 400°C-deposited PST films
before and after postdeposition annealing at S00°C. As can be seen in the figure, both films
consist of spherical grains and little pores exist between the grains. There was no
considerable change before and after postdeposition annealing. The grain size is approxi-
mately 50 nm, which is much smaller than the reported grain size of bulk PST (about 2-8
um).09

Figure 6 shows the leakage current characteristics at room temperature (25°C) for PST
films before and after postdeposition annealing at 500°C. It is found from the figure that
the leakage currents of both films are relatively small and that there is not remarkable
change induced by postdeposition annealing.

Figure 7 shows the temperature dependence of the relative dielectric constant of the
PST films before and after postdeposition annealing at S00°C. It is found from this figure
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Fig. 5. SEM images of PST films (a) before and (b) after postdeposition annealing at 500°C.
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Fig. 6. Current density vs. applied voltage for PST films (a) before and (b) after postdeposition

annealing at 500°C.
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Fig. 7. Temperature dependence of dielectric constant of PST films before and after postdeposition

annealing at S00°C.

that the dielectric constants of both films decrease monotonically as temperature increases.
The temperature dependence of the dielectric constant is relatively broad, which is
different from the sharp change in dielectric constant observed in bulk PST ferroelec-
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trics. This phenomenon is explained in the framework of diffuse phase transition
behavior.'” Moreover, the relative dielectric constants of both films are much smaller than
the bulk ferroelectrics, because the grain size of the films is two orders of magnitude
smaller than that of the bulk ferroelectrics.!®

Compared to the as-deposited PST film, the 500°C-postdeposition annealed film shows
a sharper temperature dependence of the dielectric constant. It is interesting to note that
this is consistent with an improvement in the P-E hysteresis loop by postdeposition
annealing as can be seen in Fig. 4.

From these experimental results, the postdeposition annealing at 500°C does not affect
the improvement of crystalline properties, surface morphology and leakage characteristics.
However, the ferroelectric property is greatly improved, and the TCD becomes sharper
after postdeposition annealing. This phenomenon is considered to be due to the improve-
ment in the domain structure, in the contact between the bottom elecwode and the PST film,
or the enhancement of the degree of order for B-site cations (Sc*, Ta’*).!? The detailed
mechanism is currently under consideration.

3.3 Temperature coefficient of dielectric constant
Applied to the infrared (IR) sensor of dielectric bolometer (DB) mode, it is important
for the film to exhibit a high TCD at room temperature. TCD is expressed as

1 de,

r

where &, is the relative dielectric constant and T is the temperature. The TCDs of the PST
films before and after postdeposition annealing at 500°C are determined as 0.18 and 1.1%/
K (at 25°C), respectively. The TCD of the postdeposition annealed PST film is high
enough to make it possible to apply for human-body detection. Furthermore, the dielectric
loss is as low as about 0.04-0.07 at 1 kHz and 1 V in the temperature range of 20 to 50°C.
Therefore, it is concluded that the PST film is a good candidate material for use in an IR
sensor of DB mode.

4. Conclusions

The PST films were prepared on Pt/Ti/SiO,/Si(100) substrates by pulsed laser deposi-
tion. The deposition temperature is the principle factor in obtaining a high crystalline PST
perovskite structure, and the PST film has the preferentially (222)-oriented perovskite
structure but little pyrochlore structure when deposited at 400°C. The ferroelectricity and
TCD were improved by postdeposition annealing at temperatures of 400 and 500°C,
whereas little change was observed in the crystalline property, surface morphology and
leakage characteristics. It is interesting to note that the perovskite phase and ferroelectric-
ity disappear simultaneously due to postdeposition annealing in the temperature range
above 550°C.
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The PST film, which was deposited at 400°C and postdeposition annealed at 500°C,

shows a ferroelectricity with a polarization of 1.4 uC/cm? at zero electric field. The grain
“size was approximately 50 nm, and the leakage currents of both films were relatively small.
The dielectric constant decreases monotonically with increasing temperature from 20 to
50°C. The TCD is 1.1%/K at 25°C, implying that the film is a promising candidate
material for use in infrared sensors of dielectric bolometer mode.
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