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Lead zirconic titanate �PZT� microscale island �1 �m–100 nm� was fabricated by focused ion
beam before its crystallization, followed by the annealing treatment at the crystallization
temperature. Local electrical properties were evaluated by piezoresponse force microscopy
technique. Compared to the PZT island fabricated after crystallization, the result shows that there is
noticeable enhancement in nanoscale electrical properties of PZT island fabricated before
crystallization, especially when the island size decreases. Raman spectra and Kelvin force
microscopy result both show that there are little degradations on the PZT surface after this
amorphous etching process. The mechanism will be discussed in this paper. These results are very
beneficial to the development of the ferroelectric film applications in the dynamic random access
memory, ferroelectric random access memory, and micro-electro-mechanical system field. © 2009
American Institute of Physics. �DOI: 10.1063/1.3073892�

I. INTRODUCTION

In the past decade, ferroelectric films have received a
worldwide technological interest for a large number of appli-
cations such as optoelectronic, memory devices �dynamic
random access memory �DRAM�, ferroelectric random ac-
cess memory �FERAM��, and micro-electro-mechanical sys-
tems �MEMSs�.1–3 Among the various ferroelectric films,
Pb�Zrx ,Ti1−x�O3 film is one of the most used materials be-
cause of its large remnant polarization �Pr�, small coercive
field �Ec�, and large piezoelectric coefficient �d33�. In view of
the practical applications point, one of the main process ob-
jectives in the integration of lead zirconic titanate �PZT�
ferroelectric capacitors into memory devices or MEMS ap-
plications is developing the ability to pattern these ferroelec-
tric films and associated electrode materials by etching. Sev-
eral techniques have been developed: wet chemical etching,4

ion beam etching �IBE�,5 reactive ion etching,6 electrocyclo-
tron resonance etching,7 and inductively coupled plasma
etching.8 Despite the large amount of effort in this field, there
are still some problems that need to be overcome. One of the
main challenges is to develop the etching process with no
degradation in the electrical properties of the film or device.
Generally speaking, the remnant polarization �Pr� decreases,
coercive field �Ec� increases, and the internal field appears
after etching process, and these are attributed to the physical
defects induced by the ion bombardment, the chemical con-
tamination of surface absorbed residue, and stress-induced
effects. The etching damage is more severe when the pattern
size of PZT film is decreased to nanometer dimensions be-

cause of the “sidewall effect.” Recently, much attention has
been paid to minimize the etching damage. According to
Torii et al.,9 the leakage current density in micron-size ca-
pacitors is increased several times compared to in larger ones
due to increased contributions from the damaged region of
the capacitor sidewalls. So some researchers attempted post-
annealing treatment in O2 gas after etching to reduce the
etching damage; however the electrical properties cannot be
completely recovered by O2 annealing.10 Lee et al.11 im-
proved the electrical properties using a wet cleaning method,
but this method may change the etch profile of the film and
the lateral dimension of the pattern. Song et al.12 investigated
several etching mask technologies to choose proper mask for
etching and found that TiO2 /PSG /TiN and PSG/TiN masks
�PSG for phosphore silicate glass� were effective in minimiz-
ing the etching damage. Typically, PZT thin film is etched
after its crystallization. Some authors have also published
results concerning the characterization of PZT films of nano-
scale size.13–15 In this study, the submicrometer PZT island
�1 �m–100 nm� is patterned on amorphous film by focused
ion beam �FIB� method and then annealed at its crystalliza-
tion temperature. With these etching and annealing condi-
tions, there is a great enhancement in nanoscale electrical
properties of PZT islands and the mechanism will also be
discussed in the text.

II. EXPERIMENTAL

LaNiO3 has been verified to be a favorable bottom elec-
trode for ferroelectric film capacitor applications because its
lattice parameter can match well with the ferroelectric film
and the oxide electrodes can also act as a sink for oxygen
vacancies and prevent their accumulation at the film/
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electrode interface. Moreover, based on the previous research
of our group, ferroelectric films deposited on the LaNiO3

coated SiO2 /Si substrate with �100� preferred orientation
have better piezoelectric properties compared to films on Pt
coated substrate.16 So, in this work, a LaNiO3 film with
thickness of 250 nm, deposited by rf magnetron sputtering,
was chosen as the bottom electrode. PbZr0.53Ti0.47 film with
thickness of 300 nm was deposited on the LaNiO3 coated
SiO2 /Si substrate by rf magnetron sputtering with no post-
annealing. Then this amorphous PZT film was patterned by
FIB to fabricate the PZT microscale island
�1 �m–100 nm�. FIB patterning here was performed in FEI
Dual Beam STRATA 235 with a Ga+3 ion beam, an accelera-
tion voltage of 30 kV, and a beam current of 300 pA �corre-
sponding to 25 nm spot size� at normal incident angle. Be-
fore etching, a thin 100–120 nm Pt top electrode was
deposited on the PZT film surface by dc sputtering. It can
protect the PZT island from etching damage and has also
served as top electrode. Then these amorphous PZT micro-
scale islands were annealed at the crystallization temperature
of 625 °C for 30 min. In this paper, for simplicity, this etch-
ing process is called amorphous etching. For comparison,
microscale PZT islands with same thickness and size were
also fabricated by the conventional FIB etching process,
which means etching on the annealed crystallized PZT
samples. The postannealing effect after conventional etching
is also investigated. In three cases their local electrical prop-
erties were examined. Figures 1�a�–1�c� are the flow charts
of the three different etching processes and �d� is the sche-
matic view of the FIB fabrication of PZT island structure.

For investigating the electrical properties of PZT islands,
local piezoelectric hysteresis loops produced by a commer-
cial atomic force microscope �AFM� �Multimode, Nano-
scope IIIa, Digital Instruments� were recorded for the mea-
surement of the coercive voltage Vc, phase switch, and
amplitude of the relative piezoelectric-response signal. The
experiments are carried out by considering the so-called “in-

field” mode, which presents the particular characteristic, to
be very close to the one used for “macroscopic” hysteresis
loops recording.17–19 In brief, in this mode, a continuous bias
voltage is applied between the tip and the ground bottom
electrode together with an alternative voltage of the form V
=Vac cos�2�ft� which can induce the vibration of the
sample. The signal generated by the piezoelectric vibration
�PFM� and feedback from the photodetector to a lock-in am-
plifier is of the form A cos �. The amplitude A of the first
harmonic signal of the vibration is related to the piezoelectric
coefficients of the sample, while the phase shift � between
the alternative reference voltage and the first harmonic signal
depends on the direction of the polarization in the film. For
our experiments, platinum/iridium coated silicon tips with a
stiffness of 40 N/m were used. The dc voltage was gradually
changed from �10 to +10 V within a period of 1 s. The
voltage step was adjusted to 0.4 V. The frequency of the ac
voltage was 2 kHz with a 1.5 V driving voltage.

To simulate and analyze the FIB induced damage in the
PZT island sidewall layer, another FIB etching experiment
was performed, as shown in Fig. 2. Additional large squares
�7�7 �m� were FIB exposed at the surface of PZT film
using different ion doses to investigate sidewall damage. The
ion dose is controlled by the etching time. The lightest ex-
posal is performed with an ion dose of about 9
�1019 ions /cm2 participating and the hardest is done with
6�1021 ions /cm2 participating. Accordingly the FIB ex-
posed area was separately fabricated by two different etching
processes: one is amorphous etched and the other is conven-
tional etched. Raman spectra in the 200–1000 cm−1 range
were carried out with a Dilor XY-800 confocal micro-Raman
spectrometer. The Raman spectra were recorded using the
514.5 nm line of an Ar/Kr ion laser. The incident laser beam
was focused on the FIB exposed area with 1 �m spot size
and 10 mW power. The surface potential of the FIB exposed
PZT surface by different etching process was performed by
Kelvin force microscopy �KFM� technique. KFM experi-

FIG. 1. Flow chart of �a� amorphous FIB etching process, �b� conventional
FIB etching process, �c� conventional FIB etching process after postanneal-
ing at 625 °C, and �d� schematic of FIB fabrication of PZT island structure. FIG. 2. FIB exposed PZT layer with different Ga ion doses.
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ments here were carried out on a Dimension 3100 micro-
scope �Veeco Digital Instruments�. The platinum coated tip
was used with the frequency of 70–80 kHz and the spring
constant of 1–5 N/m.

III. RESULTS AND DISCUSSIONS

The morphologies of PZT islands with different sizes are
shown in Fig. 3. Because the profile of the island is almost
the same for different etching processes, only one group of
island is shown here.

Figures 4–6 separately show the typical phase �a� and
amplitude �b� of first harmonic signal of 1 �m, 500 nm, and
100 nm PZT islands fabricated by different etching pro-
cesses. From these figures, it can be clearly seen that the PZT
island fabricated by amorphous FIB etching process has

much better electrical properties compared to conventional
FIB etching, especially when the island size decreases. For
1 �m PZT island, the average coercive voltage �Va= �Vc+

−Vc−� /2� of PZT island fabricated by amorphous FIB etch-
ing �0.5 V� is much lower than the one fabricated by con-
ventional etching process �2.7 V�. This means the domain
switching of PZT island becomes more difficult after con-
ventional etching process. Additionally, large internal voltage
�Vi=Vc++Vc−� appears after conventional FIB etching and
the value is about 2.5 V. The amplitude of first harmonic
signal of PZT island by amorphous FIB etching is nearly 2.5
times larger than the one by conventional FIB etching. The
postannealing effect after conventional etching is also inves-
tigated. With up to 625� postannealing in atmosphere for 30
min, the average coercive voltage decreases but still 1 V
higher; the amplitude increases but still lower than the

FIG. 3. The morphology of PZT island with different diameters: �a� 1 �m, �b� 500 nm, and �c� 100 nm.
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sample fabricated by amorphous FIB etching process. It im-
plies that the atmosphere postannealing can compensate for
the defects induced by the conventional etching process but
can only partially recover the electrical properties. When the
island size decreases to 500 nm, the degradation of electrical
properties after conventional etching is more serious, which
is shown in Fig. 5, while the electrical properties of 500 nm
PZT island fabricated by amorphous FIB etching are almost
unchanged. Also there is neither domain switching nor piezo-
electric amplitude in 100 nm PZT island fabricated by con-
ventional etching process, even after the postannealing treat-
ment. This notable degradation of electrical properties of
PZT island fabricated by conventional FIB etching may be
attributed to the sidewall effect, which is more serious when
the PZT island size decreases. So, we can get the conclusion
that there is great a enhancement in the nanoscale electrical
properties on PZT island fabricated by amorphous FIB etch-
ing process. Based on the equation piezoresponse �a.u.�=A
�cos �, the relative piezoresponse of PZT island fabricated
by amorphous etching with different size is shown in Fig. 7.
When the size of the PZT island decreases especially to 100
nm, the piezoresponse signal increases notably, which could
be due to the decrease in the substrate clamping effect. An-

other explanation could be induced by the existence of para-
sitic effect due to “in air” electrostatic interaction between
the AFM tip and the film surface. This effect increases when
the PZT island diameter decreases.20 In Fig. 6�a�, the hyster-
esis loop of 100 nm PZT island is slim and the coercive
voltage is smaller compared to 1 �m or 500 nm PZT island,
which means the domain switching is easier, and it is also in
part probably due to the decrease in the substrate clamping
effect.

From the above results of local electrical properties of
PZT islands, it can be seen that if FIB etching is performed
before PZT crystallization, the nanoscale electrical properties
of PZT islands can be greatly improved compared to conven-
tional etching process, especially when the island size de-
creases. We attribute this phenomenon to the possibility that
the sidewall damage can be diluted if the PZT island is fab-
ricated by amorphous FIB etching process. To confirm this
assumption additional large squares �7�7 �m� were FIB
exposed at the surface of PZT film using different ion doses
to investigate sidewall damage and the details of the experi-
ment are mentioned above. Raman and KFM experiments
were performed on these patterns. Figure 8 shows the Raman
spectra of �a� unexposed crystallized PZT film, �b� after

FIG. 4. �a� Typical phase and �b� amplitude of first harmonic signal of
1 �m PZT island fabricated by � amorphous FIB etching process, � con-
ventional etching process, and � after postannealing at 625 °C.

FIG. 5. �a� Typical phase and �b� amplitude of first harmonic signal of 500
nm PZT island fabricated by � amorphous FIB etching process, � conven-
tional etching process, and � after postannealing at 625 °C.
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hardest amorphous FIB etching �6�1021 ions /cm2 dose par-
ticipating�, �c� after lightest �9�1019 ions /cm2�, and �d�
hardest conventional FIB etching �6�1021 ions /cm2�. In the
spectra, the broadband centered at 280, 572, and 676 cm−1

can be assigned as B1+E, A1�TO3�, and E�LO3� according to
the modes in the single PZT crystals.21 The band centered at
820 cm−1 is tentatively assigned to Ti–O bond.22 The band
detected at 400 cm−1 is attributed to LNO. After the hardest
amorphous etching process, the spectra profile of PZT sur-
face is almost unchanged compared to the unetched PZT film
surface. For the region after the lightest conventional FIB
etching, the spectrum has not almost changed, except that the
intensity of the Raman peak at 676 cm−1 increases, while for
the hardest conventional etching case, Raman spectra re-
corded in the region exposed to the FIB show noticeable
change. The sharp increase in the intensity of the Raman
band at 676 cm−1 �E�LO3� mode� may be connected with the
distortion of the tetragonal symmetry of the PZT crystalline
lattice due to the ion implantation and the modification of the
stress state.23–25 The broadening of Raman scattering in
550–900 cm−1 region may be attributed to the existence of
the amorphous material, which is usually expected during the
conventional FIB etching process. Whatever the FIB etching
process is, the peak position of Raman shift does not show
any change, which means that the crystalline structure still
exhibits perovskite phase.

Figure 9 presents the KFM image of the region after the
hardest amorphous FIB etching �a� and hardest conventional
etching process �b�. KFM experiments were made on the two
samples with the same tip during the same day, so the ex-
perimental error can be almost ignored. It shows that the
surface potential is changed after etching, especially for the
region exposed to conventional FIB. To see it more clearly,
the absolute surface potential value across the etching region
is shown in Fig. 10. It implies that the potential difference
between the unetched surface and the surface after amor-
phous etching is very small �only about 15 mV�, while the
difference between the unetched surface and the surface after
conventional FIB etching is very large �about 300 mV�. This
result indicates that the surface after conventional FIB etch-
ing is dramatically changed and damaged, while the surface
exposed to amorphous FIB etching is almost unchanged,
which is corresponding to the above Raman result.

FIG. 6. �a� Typical phase and �b� amplitude of first harmonic signal of 100
nm PZT island fabricated by � amorphous FIB etching process, � conven-
tional etching process, and � after postannealing at 625 °C.

FIG. 7. Relative piezoresponse of PZT island fabricated by amorphous etch-
ing with different sizes: � 1 �m, � 500 nm, and � 100 nm.

FIG. 8. Raman spectra of �a� unexposed crystallized PZT film �b� after
hardest amorphous FIB etching �6�1021 ions /cm2 dose participating�, �c�
after lightest �9�1019 ions /cm2�, and �d� hardest conventional FIB etching
�6�1021 ions /cm2�
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From the Raman spectra and KFM result, it can be
clearly seen that amorphous FIB etching can reduce the etch-
ing damage on the surface. We attribute this to three follow-
ing reasons. One is that this method can reduce the surface
roughness induced by etching. In our previous paper, the
grain boundary is favorably etched because there is excess
lead at the grain boundary and the lead oxide etching rate is

higher than titanium or zirconium oxide.26 Moreover, lateral
etching that induces the grain boundary widening can add to
the etching process. Excess physical atom bombardment can
occur at the grain boundary, which results in the quick etch-
ing rate at this local area, and then increases the roughness
after etching. On the other hand, the etching rate is aniso-
tropic on the crystalline structure. The effect of Ga ion bom-
bardment is different, which depends on the atom density.
Different crystal plane orientation has different atom density,
so the etching rate is different and the roughness increases
after etching. If the FIB etching is performed before PZT
crystallization, there is neither grain boundary nor crystalline
structure, so the etching rate can be almost regarded as iso-
tropic and the roughness will be reduced. For our experiment
the roughness of the region after amorphous FIB etching is
1.2 nm, while the roughness of the region after conventional
FIB etching is about 5 nm. Roughness reduction can improve
the electrical properties of PZT film. The second reason is
that for amorphous etching process, the damaged layer on
amorphous PZT film surface induced by Ga ion bombard-
ment can be almost crystallized into the ferroelectric perov-
skite phase by the following annealing treatment and there is
little degradation on the surface, which is shown in the above
Raman and KFM result. Charge defects on the PZT surface
after etching may also be reduced after following the anneal-
ing treatment and this will avoid the possibility of “short
circuit” on the sidewall. During the island etching, the Ga
ion implantation is just on the sidewall of the island but after
annealing, Ga ions can migrate into the crystal lattice of PZT
island and there are fewer charge defects left on the sidewall.
The third reason is that there is no domain in the amorphous
PZT film, and it is well known that the charge defects in-
duced by the ion bombardment can limit the domain mobility
and increase the coercive voltage, which can be proved by
the results in Figs. 4–6. This effect will not exist in amor-
phous FIB etching case. Roughness reduction, little degrada-
tion in the surface, and no domain etching can effectively
reduce the sidewall effect and make the amorphous FIB etch-
ing process a very promising etching way with no degrada-
tion in electrical properties, especially when the island size
decreases. To confirm the effectiveness of the amorphous
etching method, the IBE process was also conducted on the
amorphous PZT film, followed by the annealing step at the
perovskite crystallization temperature. No damaged layer can
be observed on the surface of the etched PZT film by this
amorphous etching process. Compared to the unetched PZT
film, there is no or very little degradation in the dielectric,
ferroelectric, and piezoelectric properties. The details can be
found in our last paper and will not be shown here.27 This
further confirms that amorphous etching process can reduce
the etching damage and this is very beneficial to the devel-
opment of the ferroelectric film application in the field of
DRAM, FERAM, and MEMS applications.
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FIG. 9. �Color online� KFM image of the region �a� after hardest amorphous
FIB etching and �b� hardest conventional etching process.

FIG. 10. Absolute surface potential value across the region � after hardest
amorphous FIB etching and � hardest conventional etching process.
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