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Abstract Orientation controlled, micron-sized dot-pat-
terned PZT films were grown by metal organic chemical
vapor phase deposition (MOCVD), and their crystal struc-
ture was evaluated. A micron-size dot-patterned SrRuOj;
(SRO) buffer layer was initially prepared by MOCVD
through a metal mask on the (111) Pt/Ti/SiO,/Si substrate.
Then, a PZT film was deposited over the entire substrate.
Micron-beam X-ray diffraction and Raman spectroscopy
indicated that (111)-orientated PZT was prepared on the
SRO covered area, while the (100)/(001)-orientated one
was directly grown on Pt-covered substrates. The PZT film
grown on SRO was thinner than that on the Pt-covered
substrate. The estimated ferroelectric property on the center
of the dot pattern was larger than that at the circumference
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by Raman spectroscopy because the strain is accelerated at
the center of the dot.

Introduction

Because Pb(Zr,Ti)O; (PZT) has excellent ferroelectric,
piezoelectric, and pyroelectric properties, applications for
non-volatile memory, micro electrical mechanical system
(MEMS) devices and infrared sensors have been widely
investigated [1, 2]. Among the various applications,
MEMS devices, which are typically between 10 and
100 um [3], are one of the more interesting application
fields using PZT. Currently MEMS devices are typically
patterned by a dry etching process, e.g., ion beam etching
after the PZT film is grown over the entire substrate [4].
However, the damage to the film and substrate by the dry
etching process might degrade PZT with respect to the
properties and the reliability. Therefore, a benign, direct
patterning technology using a direct growth process is
strongly demanded. This direct patterning may be realized
during film growth either by (i) selective growth of the
ferroelectric film in a limited region or (ii) growth of the
area where the electrical properties differ. Among these
two approaches, selective growth is more difficult because
it requires a large difference in the deposition rate between
the two regions. In a previous paper, we reported a growth
method, which uses a pattern bottom electrode prepared by
electron beam (EB) lithography, to fabricate an area con-
sisting of a crystal PZT film and amorphous PZT film with
coplanar areas as small as 2 um [5, 6].

Herein the patterning of the PZT film with different
orientations was attempted by inserting a buffer layer. The
ferroelectric, piezoelectric, and pyroelectric properties are
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polar characteristics, which suggest the films depend
strongly on orientation. In fact, the piezoelectric and fer-
roelectric properties of the PZT films significantly depend
on orientation, suggesting the possibility the orientation
pattern of the PZT is a response to the pattering of the
above properties. PZT films are easily oriented to (111) and
(100)/(001). Films are oriented to (100)/(001) when pre-
pared on the widely used (111)Pt/TiO,/SiO,/Si substrate by
MOCVD with a high deposition rate. However, the ori-
entation can be changed to (111) by inserting a (111)-ori-
entated conductive SrRuO; (SRO) layer with the same
crystal structure and similar lattice parameters as PZT.
Based on this background, we prepared a (111)-oriented
PZT dot pattern in a (100)/(001)-orientated PZT matrix by
creating a dot-patterned SRO buffer layer. The crystal
structure of the dot-patterned PZT films was evaluated by
X-ray diffraction and Raman spectroscopy.

Experimental

Figure 1 shows the growth sequence. A 5-nm-thick SRO
buffer layer was initially prepared on a (111)Pt/Ti/SiO,/
(100)Si substrate (Fig. 1a) through a metal mask placed on
the substrate (Fig. 1b). The diameters of the dot pattern in
metal mask were 200 and 500 pm. Then the PZT film was
deposited over the entire substrate (Fig. 1¢). PZT films and
SRO buffer layers were deposited at 650 and 600 °C,
respectively, by metalorganic chemical vapor deposition
(MOCVD). Pb(C1H90,),-Zr(Oet-C4Ho)4-Ti(Oei-C5H7)4-O,
and St(Cy1H;90,)2(CsH23N5)2-Ru(C7H; 1 )(C7Ho)-O, were the
respective source systems for the PZT film and SRO buffer
layer growth. The Zr/(Zr + Ti) and Pb/(Pb + Zr + Ti)
ratios of the PZT film were maintained at 0.40 and 0.50,
respectively [7]. Herein we focused on PZT films grown on
SRO buffer layers with a 500 pm dot pattern because the
spatial resolution of the X-ray beam cannot sufficiently
evaluate a 200 pm-dot-patterned PZT film.

The crystal structure and the orientation of the deposited
films were characterized using micron-beam X-ray dif-
fraction (Bruker AXS, Discovery D8). The X-ray beam
was focused on an approximately 50-pm-diameter on the
sample surface. A two-dimensional detector was used in
this system, and the 0—20 diffraction pattern of the sample
was obtained without moving the goniometer. Addition-
ally, transmission electron microscopy (TEM) of H-8000
(HITACHI) with an acceleration voltage of 300 kV was
used to evaluate the microscopic structure. The film
thickness was measured using a surface-profile measuring
system (DEKTAK 3). X-ray fluorescence was measured to
estimate the distribution of film thickness using X-ray
diffraction of synchrotron radiation (SPring-8, BL13XU)
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Fig. 1 Growth sequence of a dot-patterned PZT film: a (111)Pt/TiO,/
Si0,/Si substrate, b deposition of dot-patterned SRO buffer layer, and
¢ overgrowth of the PZT film

[8] The incident size of the X-rays was approximately a
20 pm square on the sample surface.

The quality and ferroelectric property of the PZT film
were estimated by Raman spectroscopy. Micro Raman
spectroscopy was carried out using SYSTEM 1000
(RENISHAW) with a super noch plus filter in the back-
scattering configuration. A 514.5-nm-Ar" laser was used as
the excitation source, and the laser power at the sample was
approximately 2 ~ 3 mW. Raman spectra were collected
from the sample surface with a spatial resolution less than
1 pum using a 200 objective to focus. The spectrometer was
calibrated using the silicon Raman mode and laser plasma
lines. The resolution of the phonon frequency measurement
was better than 0.1 cm™'. The samples were scanned in
0.1 um steps using a motorized XY stage to produce maps
of the phonon frequencies and their intensities. To improve
the signal-to-noise (S/N) ratio, measuring time was fixed at
1 min per point.

Results and discussion

Figure 2a shows the optical microscopic image of the
sample. Dot patterns were formed on the sample surface.
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Fig. 2 a Optical micrographs of the dot-patterned PZT film, b map-
ping image of the fluorescent X-ray of the Pt-Lo line using
synchrotron X-ray diffraction, and ¢ schematic drawing of the cross
section of the structure

Figure 2b shows the X-ray florescent mapping pattern of
Pt-La. The peak intensity of the florescence was high in the
dot-circle, indicating that the thickness of the overgrowth
PZT film was thinner than that on the outside, as sche-
matically shown in Fig. 2c, which agrees with the surface
profiler results. Despite coplanar and simultaneous growth,
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the film thickness of PZT on the SRO buffer layer was
about half that on the Pt bottom electrode, i.e., the film
thickness of PZT on the SRO buffer layer was about
200 nm, while the thickness on the Pt bottom electrode was
400 nm. This difference in film thickness along with the
film orientation is discussed below.

Figure 3a shows the XRD 6—26 patterns measured along
the Y-direction using optical microscopy. The PZT film was
oriented to (111) on the SRO buffer layer, whereas it was
oriented to (001)/(100) when directly deposited on Pt. These
film orientations are consistent with previous reports [5, 6];
the growth rate of (100)/(001)-oriented film on (100)
SrTiO5; (STO) is twice as fast as that of the (111)-oriented
one on (111) STO [9]. The difference in film thicknesses in
the dot pattern shown in Fig. 2 can be explained by the
different deposition rates with the film orientation. The
lattice parameters of the a- and c-axis at the center of dot
pattern and at the outer circumference of dot pattern that
had (111) orientation were 3.918, 4.066 and 3.919, 4.064 A,
respectively. The c-axis at the center of dot pattern was
slightly larger than that of the outer circumference of dot
pattern and the a-axis at the center of dot pattern was
slightly smaller than that of the outer circumference of dot
pattern. On the other hand, the lattice parameters of the
a- and c-axis at the outside dot pattern that had (001)/(100)
orientation were almost 3.919 and 4.064 A, respectively. It
is considered that the strain was maintained in the PZT film
and that at the center of the dot pattern was larger than that
at the outer circumference, while the strain was almost
uniform at the outside dot pattern.

Figure 4a, b shows the TEM images of PZT films on the
SRO buffer layer and for films directly on Pt bottom elec-
trode, respectively, as well as the electron beam diffraction
patterns. PZT films deposited on the SRO buffer layer had a
relatively flat surface, and were oriented to the (111)
direction (Fig. 4a). On the other hand, PZT films directly
deposited on Pt consisted of grains with irregular shapes,

(b) Mapping direction: Y

Fig. 3 a Intensity integration map of XRD using Micro-beam X-rays and b picture of the dot-patterned PZT film from a CCD camera
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Fig. 4 Cross-sectional TEM images and electron diffraction patterns of a PZT film on the SRO buffer layer (center of the dot pattern) and b PZT
film on Pt (outside of the dot pattern)
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Fig. 5 a Picture of the dot-patterned PZT film from a CCD camera indicated by arrows in a. ¢ Raman shift map of A;(1TO)-mode for
and b parallel polarized Raman spectra at center, edge, and the the dot-patterned PZT, and d its cross-section
outside the dot of dot-patterned PZT. Measurement points are

which made a rough surface (Fig. 4b). The electron dif-  PZT film with different coplanar orientations was success-
fraction patterns indicated a (100)/(001) orientation, which fully grown using a patterned SRO buffer layer on the Pt
agrees with the XRD results. Hence, the data indicate that a bottom electrode.
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Figure 5b shows the parallel polarized Raman spectra
from the center, edge, and about 500 pm® outside the
dot-patterned PZT, as denoted in Fig. 5a. The parallel
yy-polarization configuration yields only A;-symmetry
modes [10, 11]. The Raman spectra exhibited intense
Aj-symmetry phonons, and the spectrum for each part of
the dot-patterned PZT film indicates a typical tetragonal
PZT. Additionally, similar to the XRD data (Fig. 3a), a
second phase was not observed. The Raman peaks were
shifted, indicating changes in the crystal orientation and
strain in the crystal. The peak position A{-symmetry modes
shifted to a lower wavenumber when the measured position
changed from the center to outside the dot pattern. This
corresponds to an orientation change from (111) to (001)/
(100), which is consistent with previous reports [12, 13].

For a more detailed investigation of the film orientation
and strain distribution in same film orientation area, Raman
mapping of the A;(1TO) mode was measured. Figure 5c
shows the results. The orientation of the PZT film changed
from (111) to (001)/(100) through the (101)/(110) orien-
tation from the center to outside the dot pattern, which
agrees with the XRD results (Fig. 3a). The frequency of the
A1(1TO)-mode at the center of the dot pattern was slightly
higher than that of the edge of the dot pattern (Fig. 5d),
even if the PZT film on the dot pattern had the same (111)
orientation, indicating the strain in the PZT film is larger at
the center of the dot pattern than at the edge of the dot
pattern.

The volume fraction of the c-domain and polarization
property were characterized by Raman spectroscopy. The
intensity of the A;(1TO) soft mode was applicable as a
probe for the domain distribution and polarization property
[14] because the Raman peak intensity of the A;(1TO) soft
mode is proportional to the c-domain volume and satura-
tion polarization [15]. The ferroelectric property of the dot-
patterned PZT film was predicted using its relationship
with the intensity of the A;(1TO) soft mode [16].

To obtain two-dimensional information about the ferro-
electricity in the dot-patterned PZT, the mapping measure-
ments of Raman spectroscopy were carried out. Figure 6a
shows the Raman intensity map of the A;(1TO) soft mode.
The ferroelectricity was large when the peak intensity of the
A(1TO) soft mode was high. In Fig. 6a, the polarization
property changes according to the film orientation. The
(001)/(100) oriented area, which is outside the dot pattern,
consisted of the a- and c-domains. From the intensity of
the estimated A;(1TO)-mode, the c-domain volume was
approximately 60%. The estimated saturation polarization
of the PZT film orientated to (001)/(100) was around
40-50 pC/cm2, while that of (the 111) orientated area,
which is the center of the dot pattern, was approximately
60% of the saturation polarization of (001)/(100). These are
typical saturation polarization values for a PZT film with
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Fig. 6 a Raman intensity map of the A;(1TO)-mode for the dot-
patterned PZT and b the cross-section of Raman intensity map along
line shown in a

different orientations. The intensity of the A;(1TO)-mode at
the center of the dot pattern was slightly higher than that at
the outer circumference of the dot pattern (Fig. 6b), indi-
cating that the saturation polarization varied in the dot pat-
tern. The saturation polarization at the center of the dot
pattern was larger than that of at the outer circumference.
Hence, compressive strain is larger at the center of dot pat-
tern. These results were agreed with the results of XRD as
shown in Fig. 3.

The micro-dot-patterned PZT film with different satu-
ration polarizations could be fabricated using a coplanar
SRO buffer layer. This is a very simple method, which
does not require a complicated device process; thus, is a
useful method for MEMS devices fabrication.

Conclusion

A dot-patterned PZT film, which was fabricated using a
metal mask by MOCVD, was obtained on the SRO dot
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pattern. A (111)-orientated PZT film was successfully
grown on the SRO covered area, while a (100)/(001)-ori-
entated one was directly grown on the Pt substrate. The
film orientation, crystallinity, and ferroelectric property
were estimated using XRD and Raman spectroscopy,
which are useful evaluations methods with two-dimen-
sional spatial resolution. Although the dot-patterned PZT
film was coplanar, it simultaneously displayed different
film orientations and ferroelectric properties. Thus, this
method has great potential for fabricating MEMS devices
through a simple device process.
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