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Abstract Direct-patterned lead zirconate titanate (PZT)
films prepared from an electron beam sensitive stock
solution were investigated for advanced stage applications
in sub 50-nm patterned systems. The required electron
beam dose for the direct-patterning of PZT precursor films
was 4.5 mC/cm?. The PZT precursor films with pattern size
of 500x500 pum?* were exposed to an electron beam for 2 h
and annealed at 400°C for 30 min under an O, ambient.
After exposure and annealing, values of the remnant
polarization and coercive field were 7.0 uC/cm” and
97 kV/em at 10 V, respectively. These results suggest a
possible application of PZT films in micro- or nano-
electromechanical systems.

Keywords Electron beam metal-organic deposition -
Lead zirconate titanate - Direct patterning - Nano lithography

1 Introduction

To apply ferroelectric films to ferroelectric random access
memories (FERAMs), films should be deposited on top of
an underlying integrated-circuit. An annealing temperature
of higher than 450°C can induce thermal degradation
within Al-Si interconnect on the underlying integrated-
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circuit [1]. The low temperature crystallization of the
ferroelectric films becomes an important issue below an
annealing temperature of 450°C. Drouin et al. [2] reported
that it was possible to obtain local heating of a platinum
silicide film around 300-450°C using a standard scanning
electron microscopy (SEM) system. Maki et al. [3] and
Huang et al. [1] also report a low temperature-phase
formation of a sol-gel derived PZT film around 400-420°C.
Furthermore, electron beam lithography has been considered
as a potential alternative to optical lithography for critical level
patterning in integrated-circuit manufacturing such as nano-
electromechanical systems (NEMS) and FeRAMs [4, 5]. For
the development of high-density ferroelectric memories
(64 Mbit-1 Gbit), ferroelectric capacitor should be patterned
in sub-micron size [4]. These findings motivated us to
investigate an alternative method for low temperature
deposition of direct-patterned PZT films of sub 50-nm width
via electron beam sensitive stock solutions using SEM
without an electron beam resist or dry etching procedure.

2 Experimental procedure

The starting precursors for the electron beam-induced
production of PZT films were the lead (2-ethylhexanoates),,
zirconyl (2-ethylhexanoate),, and titanium(n-butoxide),(2-
ethylhexanoate),. These were dissolved in a hexane solvent.
The atomic ratio of Zr/Ti was fixed as 52/48 and the molar
concentration of the electron beam sensitive stock solution
was 0.4 M. The PZT precursor films were spin-coated for
30 s on Pt(111)/Ti/SiO»/Si(100) substrates with 2x2 cm?
dimension. Electron beam exposure on spin-coated PZT
precursor films was performed by using a Raith e line
e-beam writer with an acceleration voltage of 10 kV for sub
50-nm direct-patterned PZT films. For 500 x 500-pum? direct-
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patterned PZT films, an FEI Strata 235 SEM with an
acceleration voltage of 10 kV was used and the ferroelectric
and dielectric properties were measured. Finally, the electron
beam with an acceleration voltage of 5 kV at the 4B1 beam
line of Pohang Accelerator Laboratory (PAL) was used for
millimeter-scaled films to monitor the compositional evolu-
tion with the annealing of the e-beam exposed sample by
in-situ photoemission spectroscopy (PES) measurements and
to obtain X-ray diffraction (XRD) results. Even though the
PZT precursor films were exposed to three different electron
beams, the exposed dose was identical: 4.5 mC/cm?. After
exposure of the spin-coated PZT precursor film to the
electron beam, the latent image was developed with hexane
to yield a negative pattern. The patterned film was annealed
at 400°C for 30 min under an O, ambient to complete the
phase formation with a perovskite structure. The thicknesses
of spin-coated, electron beam exposed, and after 400°C-
annealed PZT films were around 250, 160, and 150 nm,
respectively by ellipsometer measurement. A 150-nm-thick Pt
top electrode with a 60-um radius was sputter-deposited to
measure the ferroelectric and dielectric properties of the film.

3 Results and discussion

Changes in the chemical bonding state of the PZT precursor
film were monitored after a 2 h electron beam exposure and
an annealing treatment from 100°C to 400°C with an interval
of 100°C by in-situ PES measurements. Some of the
resultant Pb 4f spectra are given in Fig. 1. The PES spectrum
of Pb 4f could be fitted to two spin-orbit doublets, which
suggests two chemical bonding states: one at Pb 4f;,=
138.1 eV and Pb 4f5,,=143.0 eV, and the other at Pb 4f;,,=
140.2 eV and Pb 4f;5,=145.3 eV. The former component
was identified as a Pb-O bond [6]. The upward shift of
approximately 2.2 eV in the binding energy from one
doublet to the other can be ascribed to a Pb—OC bond in the
Pb starting precursor, because the Pb precursor was
composed only of oxygen and carbon. A similar chemical
shift in the Pb 4f5,, binding energy was observed with Pb—
OS in PbSOy4, 2.0 eV from Pb—O [7], due to the similar
covalent characteristics of sulfur and carbon with Pb and
oxygen. As shown in Fig. 1(b), the doublet peak of Pb—OC
was much reduced because the Pb starting precursor was
decomposed. Moreover, the doublet peak of Pb-OC had
completely vanished after annealing at 400°C (Fig. 1(c)).
The Pb 4f peak of Pb—O in the PZT film is given in
Fig. 1(d) after annealing at 650°C under an O, ambient as a
reference. The phase formation of the PZT precursor films
was found to be completed after electron beam exposure for
2 h and annealing at 400°C. This was also confirmed by
XRD measurements. XRD patterns of direct-patterned PZT
films deposited on Pt(111)/Ti/SiO,/Si(100) substrate are
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Fig. 1 Evolution of Pb 4f photoemission spectra (a) before and after
(b) electron beam exposure for 2 h and (¢) subsequent in-situ
annealing at 400°C or (d) subsequent ex-situ annealing at 650°C
under an O, ambient as a reference

given in Fig. 2. It was only with electron beam exposure of
the PZT precursor films for 2 h (Fig. 2(a)) that the films
were partially crystallized with a preferred <111> orienta-
tion due to (111) plane matching with Pt substrate [8].
Jeyakumar et al. [9] and Saifullah et al. [10] report that an
exposure of electron beam sensitive precursor films to an
electron beam results in the cleavage of organic ligands
from the central metal atom and converts the metal atom to
a metal oxide. In our case, the oxygen content was enough
for the metal to convert to a metal oxide during the electron
beam exposure because the ratio of metal (Pb, Zr, and Ti) to
oxygen was 1 to 5 in the PZT starting precursors. After an
electron beam exposure for 2 h and subsequent annealing at
400°C for 30 min under an O, ambient, the intensity of the
(111) diffraction peak increased as shown in Fig. 2(b).
However it has been well known that (111)-oriented PbPt,
alloy could be formed in a low temperature reducing
atmosphere and act as a seed for the formation of (111)-
oriented PZT [11-13]. To check the formation of interfacial
PbPt, alloy, direct-patterned PZT film of 500x500 pm?
pattern size by an FEI Strata 235 SEM after anneal at
400°C for 30 min under an O, ambient was etched using
hydrofluoroboric acid [11]. XRD measurements were
carried out before and after hydrofluoroboric acid treat-
ments and energy dispersive spectrometry (EDS) analysis

@ Springer
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Fig. 2 XRD spectra of direct-patterned PZT films after (a) electron
beam exposure for 2 h and (b) subsequent annealing at 400°C for
30 min under an O, ambient

was done on the etched region of the pattern. Figure 3
represents the EDS analysis result and an inset corre-
sponds to the XRD results. As shown in the figure, the
intensity of the PZT(111) diffraction peak was reduced
much but still existed even after etching of the PZT with
hydrofluoroboric acid and the remained peak should be
indexed to (111) diffraction of PbPt, [11]. The EDS
analysis result obtained after acid-etched 500x500 pm?
pattern showed that some Pb was still observed with major
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Fig. 3 EDS analysis result on the etched region of direct-patterned
PZT film of 500x500 wm? size with hydrofluoroboric acid (the inset
corresponds to XRD spectra of the direct-patterned PZT film before
and after the etching treatment)
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Pt. From these results, it could be concluded that through
the 400°C-annealing of e-beam treated PZT precursor film
for 30 min under an O, ambient, (111)-oriented PZT film
was synthesized with the presence of interfacial (111)-
oriented PbPt, alloy in case of Pt(111) substrate.

Figure 4 displays the hysteresis loops of the direct-
patterned PZT films with pattern size of 500x500 pm?
under applied voltages of 8, 10, and 15 V using a RT66A
ferroelectric tester. The 160 nm thick e-beam exposed
PZT precursor film for 2 h did not show a ferroelectric
property as shown in Fig. 4(a). This paraelectric behavior
of the film may indicate that the crystallization of PZT
film with a perovskite structure was not complete, as
shown in the Fig. 2(a). However, after the subsequent
annealing at 400°C for 30 min under an O, ambient, the
150 nm thick PZT film exhibited a well-defined hysteresis
loop, typical of ferroelectric behavior (Fig. 4(b)). The
remnant polarization (P,) and coercive field (E.) values
were measured as 7.0 pC/cm” and 97 kV/em at 10 V,
respectively. The P, value is somewhat small in comparison
with that of the PZT films prepared by sol-gel technique
[14]. The measured smaller P, might be associated with
low crystalline quality and small grain size due to low
annealing temperature, rough interface and possible
interfacial mixing between ferroelectric layer and elec-
trode by electron beam bombardment, generated depolar-
ization field, and so on [15-17]. However, the P, value is
somewhat comparable to the value obtained from direct-
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Fig. 4 Ferroelectric hysteresis loops of direct-patterned PZT films

after (a) electron beam exposure for 2 h and (b) subsequent annealing
at 400°C for 30 min under an O, ambient
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Fig. 5 The voltage dependence of dielectric constants for direct-
patterned PZT films after (a) electron beam exposure for 2 h and (b)
subsequent annealing at 400°C for 30 min under an O, ambient

patterned PZT film formed using a photosensitive stock
solution [18].

The capacitance—voltage (C—V) characteristics of the
direct-patterned PZT films with pattern size of 500x
500 um? with an applied voltage range from —10 to 10 V at
1 MHz are given in Fig. 5. As shown in Fig. 5(a), the PZT
film exposed to an electron beam for 2 h did not show a
butterfly loop while a butterfly loop and two maxima of
voltage response peaks with a coercive field were
observed with the subsequently annealed PZT film at
400°C for 30 min under an O, ambient, as shown in
Fig. 5(b). The value of the dielectric constant was 434 for

Fig. 6 SEM micrographs of
direct-patterned PZT films us-
ing an electron beam sensitive
stock solution by (a) an FEI
Strata 235 SEM or (b) a Raith
e_line e-beam writer

this PZT film which is comparable with reported data on
PZT films [19, 20].

SEM micrographs of sub-micron and sub 50-nm direct-
patterned PZT films are given in Fig. 6. After the PZT
precursor films were exposed with a dose of 4.5 mC/cm?
using a FEI Strata 235 SEM or Raith e line e-beam writer,
the exposed PZT precursor films were developed by
hexane-rinsing to reveal the negative pattern. The relatively
bright area corresponds to direct-patterned PZT films and
the relatively dark area corresponds to a Pt substrate. Based
on Fig. 6, we conclude that the electron beam dose
(4.5 mC/em?) to which the PZT precursor films were
exposed was sufficient for the completion of structural
arrangements including local networking. Together, our
results indicate that direct-patterned PZT films can be
realized using an electron beam sensitive stock solution for
NEMS and FeRAMs applications.

4 Conclusions

In summary, we have demonstrated an electron beam
resist-free fabrication technique to deposit sub 50-nm
direct-patterned PZT films at low temperature. The PZT
precursor film exposed to an electron beam for 2 h did not
have ferroelectric properties. However, after subsequent
annealing at 400°C for 30 min under an O, ambient, PZT
film with perovskite structure was synthesized with
interfacial (111)-oriented PbPt, alloy on Pt(111) substrate.
The direct-patterned PZT films with pattern size of 500 x
500 wum? exhibited well-defined hysteresis loops and
butterfly loops for C-V curves. This electron-beam induced
sub 50-nm direct-patterning technology of PZT ferroelectric
films can therefore be effectively adopted to fabricate sub
50-nm-patterned systems.
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