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Abstract

High quality thin films are important for domain engineering applications such as on-volatile
memory applications. Single crystalline (001) oriented Pb (ZrysT5)O3 thin films have been
grown by pulsed laser deposition on PrScOs with strontium ruthenate (SRO) electrodes. Thin
films were prepared from PZT ceramic targets with 15% excess PbO to compensate for lead
loss at high deposition temperature. Layer by layer/step flow growth mode observed on AFM
images has been realised by using a single terminated PrScO; substrate as well as optimized
deposition parameters. XRD measurements have confirmed the highly (001) oriented
tetragonal symmetry. Furthermore, analysis conducted using piezoresponse force microscopy
has shown that the thin films are monodomain with spontaneous ferroelectric polarization
preferentially pointing upwards, i.e., away from the substrate. The absence of ferroelastic
domains and the observed single ferroelectric domain structure are the results of both relatively
small compressive misfit strain as well as favourable electrical boundary conditions.
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Introduction

Lead Zirconate Titanate (PZT) belongs to
the group of materials called piezoelectric
ceramics. PZT is the most widely used
piezoelectric ceramic in sensors, actuators,

transducers  and  energy  conversion
applications  because  of its  high
electromechanical properties (Damjanovic

1998). PZT is a solid solution of PbTiO;
(PTO) and PbZrO;(PZ0O) compound and is

denoted by Pb(Zr;Tiy)Os. The phase
boundary between the tetragonal and
rhombohedral phases which is nearly

independent of temperature is known as the
morphotropic phase boundary (MPB), whose
composition is x = 0.48. MPB is known for
its  uniquely  high  electromechanical
properties (Jaffe et al. 1971, Damjanovic

1998, Setter 2002, 1zyumskaya et al. 2007). A
number of studies have reported the Pulsed
Lased Deposition (PLD) growth of PZT thin
films with different compositions especially
at the morphotropic phase boundary (MPB)
(Zhu et al. 2005, Zhu et al. 2006). However,
these studies have reported only textured thin
films, that is, thin films that are not single
crystalline because of the high misfit strain
between the thin film and amorphous TiN
buffered Si(100) substrates used (Tagantsev
et al. 2010).

Notably, the recently increasing interest in
controlling other thin film properties such as
those involving domain engineering for non-
volatile memory devices has resulted in the
exploration of the possibilities of growing
thin films with controlled mechanical and
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electrical boundary conditions (Tagantsev et
al. 2010, Nataf et al. 2020). Achieving these
goals requires the growth of epitaxial
monocrystalline thin films. In this work, the
PLD growth of single-crystalline Pb
(ZrosTos5)03 (PZT 50/50) whose composition
is close to MPB is reported. Thin film epitaxy
is measured in terms of lattice misfit strain,
which is given by:

as—a
u= ?f @)

where a, and a, are the in-plane lattice
parameters of the substrate and the thin film,
respectively (Ohring 2001, Saghayezhian et
al. 2021). If both the thin film and substrate
are of the same material, the misfit strain is
zero (homoepitaxy). Conventionally, for
dissimilar materials (heteroepitaxy) the misfit
strain is taken as positive for tensile strain
and negative for compressive strain. It should
be noted that both the thin film morphology
and domain structure can be influenced by
the nature and amount of misfit strain as well
as processing technique. Too high misfit
strain  my results in either in-plain
ferroelectric domains or the formation of
ferroelastic domains or/and dislocations as a
mechanism of thin film relaxation (Tagantsev
et al. 2010). In this work, the growth of high-
quality single crystalline thin films was
achieved due to proper selection of the
substrate, PrScO; (PSO), which imposes
significantly low misfit strain as well as
optimization of processing conditions.

Materials and Methods
PLD target preparation

PZT 50/50 ceramic target was prepared
by using the same procedures used to process
bulk PZT ceramics (Jaffe et al. 1971,
Moulson and Herbert 2003), namely powder
weighing and mixing, calcination and
sintering.

(i) Powder mixing

Commercially available powder oxides
listed in Table 1 were mixed to obtain 100 g
of powders mixture at composition
Pb1,15(Zro,5Tio,5)03, together with 75 ml
isopropanol and 300 cylindrical ZrO, milling
balls; and then milled by a planetary milling
machine for 8 hours. After milling,
isopropanol was then dried out by heating the
mixture in a beaker with a hot plate and
finally, the powder was separated from the
milling balls by sieving.

(ii) Calcination process

After proper mixing, calcination of the
powder mixture was done to ensure that
chemical reactions take place between the
mixed oxides to obtain the required
compound. The calcination process also
improves mixing by enabling initial
interdiffusion of constituents to minimize the
amount of diffusion that must take place
during sintering in order to obtain PZT
targets with homogeneous composition. The
powder was sealed in alumina crucibles to
minimize lead evaporation and then calcined
as per conditions shown in Figure 1(a).
Afterwards, the powder was milled again for
further mixing using the same procedure as
explained above.

(iii) Sintering process

Before sintering, the powders mixture was
mixed with a 5% polyvinyl alcohol (PVA)
water solution (made from 95% water and
5% PVA). PVA is used as a binder to
increase the plasticity of the compacted
powder and thus prevent cracking during dry
pressing and sintering. Thereafter, cylindrical
pellets with 30 mm diameter and 5 mm
thickness were dry-pressed and embedded
into the powder of similar composition in a
crucible ready for sintering.

Table 1: Oxide powders used in the synthesis of PLD targets

Powder oxide Purity [%] Particle size [um] Supplier

Lead oxide (PbO) 99.99 4.78 Sigma-Aldrich GmbH
Zirconium dioxide (ZrO,)  99.996 0.73 Tosoh Corporation
Titanium dioxide (TiOy) 99.8 0.95 Alfa Aesar GmbH
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Sintering was done in an electric furnace
in two stages as shown in Figure 1. Stage one
shown in Figure 1(b) involved burning out of
the binder whereby the alumina crucible was
not sealed by alumina to allow PVA
evaporation. After the crucible had cooled
down to room temperature, an alumina paster
was applied around the crucible to seal
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possible openings in order to minimize lead
evaporation during high-temperature
sintering. Then, stage two of the sintering
process proceeded in two steps, the first one
involved lower temperature heating to dry the
alumina paste, and the second one was the
actual sintering (Figure 1(c)).
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Figure 1: Heat treatment profiles and parameters for calcination and sintering parameters. (a)
Calcination, (b) Binder removal step before final sintering, and (c) Two-step sintering: the first
step involves drying of alumina paste used to seal crucibles to minimize PbO loss and the

second step is the high-temperature sintering.

Substrates selection and treatment

Since the pseudocubic lattice parameter of
PZT 50/50 is approximately 4.03034 A,
PrScO; substrate with a pseudocubic lattice
parameter of 4.013 A has been selected due
to a relatively low misfit strain of about 4.3 x
10, The PrScO; substrate belongs to the
family of complex oxides of stable rare-earth
scandates (REScOs3) (Kleibeuker et al. 2010).
Before treatment, these oxides are double
terminated; with both PrO and ScO,
terminations in the case of PrScOs. Since the
nature of thin film growth mode is also
influenced by the nature of substrate surface
termination (Biswas et al. 2011), PSO
substrates were treated by modifying
(adopting) the methodology proposed by
Kleibeuker et al. (2010). (110) PSO substrate
was treated by using the following procedure:
(i) Annealing at 900 °C for 1 hour, (ii)
Ultrasonic soaking in deionized (DI)-water
for 30 minutes, (iii) Buffered Hydrofluoric
acid (BHF) etching for 5 seconds, (iv)12 M
sodium hydroxide (NaOH) etching for 45

minutes and (iv) Ultrasonic soaking in 1M
NaOH etching for 30 minutes.

PLD technique

Pulsed laser deposition (PLD) is a
physical vapour deposition technique in
which short high-power laser pulses are used
to evaporate materials from a target surface
and deposit them on the substrate (Willmott
and Huber 2000, Chrisey and Hubler 2003).
Figure 2 shows a schematic of the PLD
system. The deposition process takes place
inside the vacuum chamber where both the
target and substrate were placed. The target is
normally placed on the rotating carouser,
while the substrate is attached to the heating
element. When passing through a set of
optical components (lenses), an intense laser
pulse stream from an external source is
focused onto the target where it is partially
absorbed. The absorbed electromagnetic
energy is converted into electronic excitation
and then into thermal, chemical and
mechanical energy which results in the
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formation of a supersonic jet of plume
directed towards the substrate. The plume
may consist of atoms, molecules, electrons,
ions, clusters, micro-sized solid particles and
molten globules. Thin film growth occurs
when plume materials recondense on the
substrate. The threshold power density for
plume formation depends on the target
material, morphology and laser
characteristics (that is, pulse wavelength and

Optics (Quartz Lens)

\

Laser beam

~

-«— Laser plume

/ Rotating target

duration). To obtain good quality thin films,
deposition frequency (rate), laser energy,
substrate temperature as well as substrate-
target distance should be optimized. In this
work, about 2 nm strontium ruthenate (SRO)
bottom electrode was first grown at 2Hz, 100
mTorr and 650 °C with laser energy of 250
mJ/pulse, followed by PZT grown at 3Hz,
300 mTorr and 575 °C with laser energy of
200 mJ/pulse.

Vacuum pum
Substrate p p)

Figure 2: Schematic diagram of a PLD system.

Characterization techniques

Structural ~ characterization  of  the
processed thin films was done by both X-ray
diffraction (XRD) and atomic force
microscopy (AFM). XRD was used to
identify crystalline phases, crystallographic
orientations of the grown thin films as well as
estimation of thin  film thicknesses
(Suryanarayana and Norton 1998). Imaging
of the thin films’ surface morphology was
done by using  AFM. Electrical
characterization was done by using
piezoresponse force microscopy (PFM). PFM
utilizes the piezoelectric effect in imaging
domain patterns in ferroelectric materials by
employing the contact mode of AFM with
alternating voltage on the tip (Gruverman et
al. 2019, Asylum Research 2022). PFM

measures the mechanical response when an
alternating electrical voltage is applied to the
sample surface with a conductive AFM tip
according to Equation (2);

z=Z4+A cos(wt + <pph) 2

where z is the vertical surface deformation,
Z g is displacement due to dc bias, A is the
amplitude, w = 2xf is the angular frequency
of ac bias, f is the frequency and ¢, is the
phase. In response, the sample expands or
contracts locally depending upon the local
polarization direction as shown in Figure 3.
The first harmonic component of the tip
deflection determines the magnitude of the
local piezoelectric response. The direction of
the ferroelectric polarization below the tip is
determined by the phase of the
electromechanical response of the surface
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relative to the tip voltage. PFM was thus used
to establish the domain pattern of the as-
grown thin films, i.e., single or multi-domain
structure, as well as the preferential
orientation of the ferroelectric polarization,
i.e., either upwards, downwards or mixed.

Detector
\

AFM and PFM imaging were carried out
using an Asylum Research Cypher and
Asyelec-01 Ti/lr-coated silicon probes with a
nominal force constant of 2 N/m and tip
radius of 28 + 10 nm.

Figure 3: Schematic of PFM operation. The sample deforms in response to the applied voltage.
The resulting cantilever deflection is detected and interpreted in terms of the domain patterns

of the sample (Asylum Research 2022).

Results and Discussion
Substrate treatment

Controlled selective wet etching of
complex oxide PrScO; resulted in ScO,
terminated surface, similar to the results
obtained on DyScO; (Kleibeuker et al.

2.1

2010). Figure 4 shows the (110) PSO
substrate  morphology after  treatment,
whereby the resulting atomic unit steps
indicate that the selective etching process to
obtain a single terminated surface was well
achieved.
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Figure 4: AFM image and surface profile of (110) PSO substrate after treatment.

Structural characterization of ceramic
targets

The targets contained an excess of 15%
mole-per cent Pb to compensate for lead
volatility. The composition of the processed
target was Pby15(ZrosTigs)Os, With a density
of 7.53 g/cm® and a relative density of 0.94.
The density value of the target is very close
to the theoretical density of ceramics (8
glcm®) (Ochiai et al. 2008). The relative

density ~was  calculated based on

stoichiometric ceramics and was used only to
verify the solidity of the target.

XRD measurements were conducted to
confirm the crystallographic phases of the
targets before they are used in PLD. Figure 5
shows XRD patterns of PZT target
compositions after sintering. Peaks were
indexed by using PFD# 01-070-4057 (PZT)
and PFD# 00-005-0561 (PbO) databases. It
can be seen that PbO peaks are indicated by
small triangles at (100) peaks.
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Figure 5: XRD pattern of PZT 50/50 target. PbO peaks are indicated by triangular symbols.

Structural characterization of thin films

The crystallographic phases and (001)
orientation of PZT 30 nm PZT thin films
were confirmed by using grazing incident
XRD analysis as shown in Figure 6. The
main figure shows (220) peaks for the PSO
substrate, strained (002) PZT peak, and the
(002) peak for the SRO bottom electrode.
The insert shows an extended 2Theta scan up
to 105°. The absence of any peaks for excess
PbO indicates that there are no other second
phases. Furthermore, the topography of both
the bottom electrode (SRO) and the PZT thin
films were determined by AFM. Figure 7
shows that both SRO and PZT thin films
have a layer-by-layer/ step flow growth
mode. The use of vicinal substrates whose
surface morphology contains  periodic
patterns of terraces of singular faces and
monatomic steps have induced step flow
growth; whereby the step edges acted as
defects where preferential  nucleation
occurred. In addition, steps heights act as
diffusion barriers (Sangwal and Rodriguez-
Clemente 1991). It should also be noted that
the observed layer-by-layer growth suggests
the two-dimensional misfit strain at the thin

film-substrate interface is significantly low
such that, the condition for the thin film
relaxation through the formation of misfit
dislocations was not met (Hu et al. 2003,
Emelyanov and Pertsev 2003, Chu et al.
2004, Vrejoiu et al. 2006).

Electrical characterization of thin films
Piezoresponse force microscope (PFM)
measurements were conducted on as-grown
thin films to determine the structure of
ferroelectric domains. The imaging was done
on 2 ym X 2 um regions at a scanning rate of
0.5 Hz and 256 lines. As can be seen in the
vertical PFM images in Figure 7, the as-
grown thin films showed no domain walls on
the amplitude as well as no change of
contrast in the phase image. This suggests
that the as-grown thin films were
monodomain. These results corroborate well
with the tetragonal symmetry observed in the
XRD measurements. The in-plane lattice
parameters for the substrate and PZT thin
film are 4.013 A and 4.03034 A, respectively
(Mtebwa 2015). Using formula (1), the
resulting compressive misfit strain imposed
on the thin films can be estimated to be
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0.43%. This significantly low value of misfit
strain explains the absence of any ferroelastic
domains in the PZT thin film (Tagantsev et
al. 2010). Furthermore, it was noticed that the
ferroelectric polarization of as-grown thin
films had an upwards preferential direction,
i.e.,, pointing away from the thin films-
substrate interface. Similar observations have
been reported for tetragonal Pb(Zry,TiOgg)O5
composition grown on the SRO bottom
electrode (Chen et al. 2013). This can be
explained by the difference in work function
between the substrate and electrode, resulting
in the establishment of the built-in potential
which manifests as band bending at the

interface. In this particular case, the SRO
work function (5.0 eV) (Scott et al. 1999) is
smaller than that of PZT (5.8 eV) (Kumar and
Niranjan 2014), and thus the downwards
bending causes the spontaneous ferroelectric
polarization to point upwards. To further
confirm the preferential direction of the self-
polarization, a positive 5 V d.c. was applied
to the small region of 1.5 pm x 1.5 um
through an AFM tip in order to switch the
polarization downwards. As shown in Figure
8, the switched region is in black contrast,
indicating a successful 180° phase switching
relative to the as-grown region.
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Figure 8: 30 nm thick PZT 50/50 with 15% excess PbO on SRO. (a) AFM (a) PFM Vertical
amplitude and (c) PFM Vertical phase. As-grown thin film has an upward polarization
direction. The switched bottom region was obtained by poling the sample with +5V dc bias on

the AFM tip.

Conclusion

Defect-free single-crystalline PZT 50/50 thin
film has been grown successfully with (001)
orientation by pulsed laser deposition. These
thin films have shown layer-by-layer step
flow growth due to low lattice mismatch
attained by choosing PSO substrate with
(110) orientation. Moreover, the observed
growth has also been contributed by the use
of a single surface terminated substrate,
which was achieved through optimized
substrate treatment conditions. The use of
PSO substrate has imposed a significantly
low value of misfit strain of 0.43%, which in
turn has resulted in a single domain,
unrelaxed thin films without ferroelastic
domains. The single domain tetragonal
symmetry was further confirmed by the PFM
measurements.
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