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Investigation of Post Annealing Effect on the PZT Thin Films

Sujin Choi', Juyun Park', Sung-Wi Koh?% and Yong-Cheol Kang'

Abstract

The PZT thin films were deposited on Si(100) substrate using RF magnetron sputtering method. And the PZT thin
films were post annealed at various temperatures to form perovskite phase. To analyze PZT thin films, surface profiler,
XRD, XPS, CA, and SFE were used. The thickness increased from 536.5 to 833.2 nm as post annealing temperature
increased. The perovskite PZT was observed from PZT-823 and pyrochlore PZT, ZrO,, TiO,, and perovskite PbZrO; were
observed. From the XPS, the atomic percentages of Pb, Zr, Ti, and O were calculated and the portion of Pb increased
to PZT-823 and decreased to PZT-923 and then increased to PZT-1023. Also, the CA and SFE was effected on post
annealing temperature and as a function of atomic percentage of Pb, the CA and SFE was transformed.
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1. Introduction

Lead zirconate titanate (Pb(Zr;Tiy)Os, PZT) has fer-
roelectric, piezoelectric, and dielectric properties. Due
to that properties, PZT is important and commonly used
material in the fields of microsystems and microelec-
tronics!'?. The PZT thin films have been regarded
widely as ferroelectric random access memories, non-
volatile memory devices, and dynamic access memories
because of their stability as operating in devices and
their remarkable ferroelectric properties®®).

Previously reported, Bose et al. fabricated PZT thin
films with radio frequency (RF) sputtering and the sub-
strate was heated during sputtering at 673 K. The
obtained PZT thin films were post annealed at 823 K
for 3 min and 5 min respectively. The PZT thin film
post annealed for 3min shown perovskite and
pyrochlore phase. And 5 min post annealed PZT thin
film was pyrochlore phase”. And Bhaskar er al.
obtained PZT thin films using sol-gel method and post
annealing with microwave from 673 to 973 K. From
723 to 823 K, only perovskite phase was observed,
however, with annealing temperature increased per-

'Department of Chemistry, Pukyong National University, 45, Yongso-ro,
Nam-Gu, Busan, 608-737, Korea
"Department of Mechanical System Engineering, Pukyong National
University, Busan 608-739, Korea

Corresponding author : yckang@pknu.ac.kr
(Received: November 8, 2015, Revised: December 16, 2015
Accepted: December 25, 2015)

ovskite phased decreased!®.

In this research, the PZT thin films were fabricated
with reactive RF magnetron co-sputtering method using
metallic Pb, Zr, and Ti targets. And the obtained PZT
thin films were post annealed at various temperature to
fabricate perovskite PZT thin films. The thickness of
annealed PZT thin films at various temperatures was
measured with a surface profiler. The crystallinity of the
PZT thin films were monitored with X-ray diffraction
(XRD) and the stoichiometry of PZT thin films fabri-
cated at various post annealing temperatures was inves-
tigated with X-ray photoelectron spectroscopy (XPS).

2. Experimental Section

The PZT thin films were fabricated by reactive RF
magnetron co-sputtering method on n-type Si(100) used
as substrate. The n-type Si(100) substrate was cleaned
with acetone prior to install in co-sputtering chamber.
During deposition, the n-type Si(100) substrate was
heated at 573 K and the substrate holder was rotated at
5 rpm to be deposited uniformly. The co-sputtering
chamber was evacuated about 2.6x107° Torr with a
rotary vane pump (RP) and a turbo molecular pump
(TMP). As PZT thin films were deposited, the working
pressure was kept about 4.5x1072 Torr. The PZT thin
films were deposited using metal lead (Pb), zirconium
(Zr), and titanium (Ti) targets for co-sputtering. And RF
power was applied independently at each target such as
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30, 200, and 250 W for Pb, Zr, and Ti targets, respec-
tively. The pre-sputtering was performed for 10 min to
stabilize the plasma and to remove the contaminants on
the metal targets. And then co-sputtering was conducted
for 10 min. The obtained PZT thin film was post
annealed at 823, 923, and 1023 K in ambient atmos-
phere for 2 h. Here on after, PZT-X was notated that the
PZT films post annealed at X Kelvin. The post annealed
PZT thin film at 823 K was denote as PZT-823. In order
to measure the thickness of the deposited PZT thin
films, a surface profiler (Alpha-Step 500, Tencor, USA)
was used and the edge of substrate was masked with
Kapton® tape before installing in the co-sputtering
chamber. The crystallinity of PZT thin films was inves-
tigated with X-ray diffraction (XRD, X-pert pro, Neth-
erlands). Surface free energy (SFE) and hydrophilicity
were evaluated with the contact angles (CA) of the lig-
uids on PZT thin films. The contact angles were tested
and measured with distilled water (DW) and ethylene
glycol (EG) by means of home-made contact angle
measurement system. The chemical environment and
oxidation states of each atom on PZT thin films were
investigated with X-ray photoelectron spectroscopy
(XPS, ESCALab MKII, VG, UK) with using Mg Ka X-
ray source (1253.6 eV). The XPS analysis was con-
ducted in an ultrahigh vacuum (UHV) chamber, the
base pressure of the UHV chamber was kept below
3.0x107" Torr by means of a RP, a TMP, two Ti-sub-
limation pumps, and two ion pumps. The XPS spectra
were obtained with a concentric hemispherical analyzer
in constant analyzer energy mode. Deconvolution pro-
cess was performed with XPSPEAK41 software (ver
4.1) in the 30% of Gaussian/Lorentzian ratio to deter-
mine the atomic ratios and oxidation states of Pb, Zr,
Ti, and O.

3. Results and Discussion

The thickness of post-annealed PZT thin films was
measured with surface profiler and the results are shown
in Fig. 1. The thickness increased gradually as the post
annealing temperature increased. The thickness
increased from 536.5 to 833.2 nm for PZT-823 and
PZT-1023, respectively. The roughness increased as
post-annealing was performed. From XRD pattern
shown in Fig. 2, as annealing temperature increased, the
PZT thin films showed multi-phase. Due to the space
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Fig. 1. The thickness of PZT thin films.
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Fig. 2. XRD patterns of post annealed PZT films.

between various structures, the thickness of the thin film
with multi-phase increased as post annealing tempera-
ture increased.

The crystallinity of annealed PZT thin films shown
and the phase transition was observed with respect to
post annealing temperature as shown in Fig. 2. The
phases were transformed from amorphous to pyrochlore
and perovskite phases of PZT. The diffraction angles of
30.9, 31.3,46.6, and 50.6° [#ICPDS 33-0784, 73-2022]
were assigned to perovskite phase of PZT. The 51.9 and
60.3° were presented perovskite of PbZrO;. And 34.5
and 40.0° were assigned to tetragonal ZrO, [#JCPDS
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88-1007] and tetragonal TiO, [#JCPDS 88-1174],
respectively. At low diffraction angle, about from 29 to
33°, a broad peak was observed so, the broad peak was
performed deconvolution process to assign the hidden
peaks exactly.

The deconvoluted from 29° to 33° XRD patterns are
shown int Fig. 3. The peaks 30.2 and 31.3° were
assigned to perovskite of PZT and 30.4, 31.8, and 32.3°
were assigned for PbZrO; [#JCPDS 88-0270, 88-0271].
And the diffraction angles of 30.0 and 29.2° presented
PZT pyrochlore [#IJCPDS 26-0142] and Pb,0;
[#ICPDS 73-1284, 76-1791]. In Fig. 3, the perovskite
phases of PZT and PbZrO; increased and pyrochlore
and Pb,O; phases decreased. Hiremath et al. reported
the formation of PbZrO; and PbTiO; were intermediate
compounds to form PZT formation. To form PZT com-
pound, the PbTiO; reacts with PbO, PbTi;0; and PbZ-

PZT-1023
(o]0
|
— |PZT-823
=
c
S
g .
— o o
5, / ANGR
oL N
z [ \ N
7] . %
c o . .
L < >/ /TX.
E v.r . .

@ Perovskite (PZT)

O Pyrochlore (PZT)

B Perovskite (PbZrO,)
OPbLO,

PZT-573

28 29 30 31 32 33
2 Theta [degrees]
Fig. 3. The deconvoluted XRD.
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rO; and then the PbZrO; reacts with PbTiO;.”! And
Thomas et al. reported that existence of enough Pb
could form PbO and the PbO was intermediate to form
PZT formation!'”. Due to enough Pb,0; and PbZrO;,
the perovskite PZT increased with post annealing tem-
perature increased. Above 1023 K, the perovskite PZT
enable to exist in the PZT thin film for the rich PbZrO;.
In Fig. 2 and 3, as post annealing temperature increased,
the phases were transformed from pyrochlore to per-
ovskite. The structure of PZT films was transformed
from amorphous through pyrochlore to perovskite as
post annealing temperature increased. This result was
well correlated with other group’s!'!!.

To study the composition and chemical environment
of PZT thin films, the XPS analysis was performed. For
more chemical information from the post annealed PZT
thin films, the narrow XPS was conducted and per-
formed deconvolution process. The representative nar-
row XPS and deconvoluted of Pb 4f and Zr 3d were
showen in Fig. 4. In Fig. 4(a), the intensity of Pb 4f
increased as post annealed at 823 K and maintained that
level with respect to increase of post annealing temper-
ature. Also the shape of the peak was dramatically
changed from PZT-573 to PZT-823 and from PZT 923
to PZT-1023 therefore, the PZT-573, 923, and 1023 was
deconvoluted representatively. The peaks of Pb 4f were
fitted with Pb® (136.1£0.1 eV), Pb*" (137.2£0.1 eV),
Pb*" in PZT (138.3£0.1 eV), and PbZrO; (139.2+0.1
eV)!'>131 The Pb*, dominant Pb*", and small amount
Pb were existed in PZT-573 however in PZT-923, the
Pb*" was dominant oxidation state. Due to the high level
of Pb*", the perovskite PZT decreased in PZT-923 from
Fig. 3. In PZT-1023, result from the increment of Pb*"
the perovskite phase increased. The small level of PbZ-
rO; was observed as shown in Fig. 4(a) and the per-
ovskite of PbZrO; dramatically increased at Fig. 3.

In the Fig. 4(b), the narrow XPS spectra and decon-
voluted XPS spectra were showed. As post annealing
temperature increased the peak of Zr 3d was red shifted
and the intensity drastically declined. The Zr 3d was
deconvoluted with three peaks and assigned to Zr com-
bined with surface or carbon (Zr-C, 180.5+0.1 eV), Zr*"
in PZT (181.9£0.1 eV), and ZrO, (183.3£0.1 eV)I'¢-!],
As post annealing temperature increased, the portion of
Zr*" gradually decreased while Zr-C increased steadily
though the Zr*" to form the PZT was dominant. And
existence of ZrO, was confirmed from XPS and XRD
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Fig. 4. The representative XPS narrow and deconvoluted
spectra of (a) Pb 4f and (b) Zr 3d.

results. Although the dominant oxidation states to form
PZT compound was sufficient at PZT-573 the per-
ovskite PZT formation was not observed. Because the
intensity of Pb was insufficient compared with Zr and
the detail of that Pb and Zr portion was explained in
Fig. 5. That XPS results was correspond with other
studies that the enough Pb portion was important to
form perovskite PZT formation®'”. And the change of
intensity about Pb 4f and Zr 3d was explained that the
Pb and Zr was migrated, diffused, and/or segregated
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Fig. 5. The atomic percentage of PZT thin films.

from or to bulk. That phenomenon was well agreed with
other group’s research!*?”l, Therefore the effect of post
annealing, the Pb was diffused or migrated to surface
and Zr was diffused or migrated to bulk.

From the deconvoluted XPS, the atomic percentages
of post annealed PZT thin films were calculated and
that results were showed at Fig. 5. As PZT thin film was
post annealed at 823 K, the portion of Pb drastically
increased from 6.1 to 32.7% and Zr decreased from
27.4 to 6.4%. And then as post annealing temperature
increased, the atomic percentages of Pb and Zr were
showed consistent level about 29.7 and 8.3% respec-
tively. The atomic percentages of O and Ti were main-
tained steady value about 50.9 and 12.2%, respectively.
The portion of Pb and Zr was well corresponded with
XPS and XRD results. The lack of Pb, the perovskite
PZT was not observed at PZT-573 from XRD. From the
PZT-823, due to sufficient Pb portion the perovskite
phase of PZT and PbZrO; were formed.

The CA measurement is a common method to char-
acterize surface of various thin films. At Fig. 6, the CA
and SFE of as a function of post annealing temperature
of PZT thin films measured using DW and EG were
showed. The SFE was calculated using Young’s equa-
tion"!. The total SFE is the sum of polar SFE and dis-
persive SFE. The polar SFE was depended on such as
dipole-dipole, dipole-dipole induced, hydrogen bond-
ing, and acid-base interaction. The dispersive SFE was
resulted from non-polar interaction between surface and
bulk. Originally low CA high total SFE due to the low
CA meant strong energy between surface of the mate-
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Fig. 6. The contact angle and surface free energy of PZT
thin films.

rial and liquid such as DW or EG. In Fig. 6, as post
annealing temperature increased CA of EG showed
decreasing propensity from PZT-823 to PZT-1023 from
71.1 to 54.0°. While the CA of DW decreased from
PZT-823 to PZT-923 and then increased to PZT-1023.
The CA measured with DW was well correlated with
atomic percentage of Pb. And the low CA means that
the surface was not stable. From the sufficient Pb, the
perovskite phase PZT could form with Zr, Ti and O.
From the Fig. 2 and 3, the perovskite phase of PZT
compound showed similar tendency of CA and atomic
percentage of Pb. Therefore, due to the enough Pb the
perovskite phased was formed and the surface was
transformed stable.

4. Conclusion

The PZT thin films were fabricated with RF magne-
tron sputtering method and post annealed at various
temperature. As post annealing temperature increased,
the thickness of the PZT thin films increased for various
structure. From the XRD, the perovskite phase of PZT
and PbZrO; was observed and the perovskite phase
increased as post annealing temperature increased. And
the crystallinity of PZT thin films was transformed from
amorphous to perovskite phase. To study about compo-
sition and chemical environment of PZT thin films the
XPS analysis was constructed. From XPS result, the
Pb?" and Zr*" were dominant at PZT-1023 and the peak
was shifted to red shift as post annealing temperature
increased. The CA and SFE results was well corre-

J. Chosun Natural Sci., Vol. 8, No. 4, 2015

sponded with atomic percentage of Pb and XRD results.
Due to lack of Pb, the surface was unstable and the low
CA were showed.
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