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ABSTRACT

Recent advances in nanotechnology applications require the
processing of high-quality thin films. A systematic study of the ARTICLE INFO
optimization of Pulsed deposition parameters for (110) oriented
tetragonal PZT thin films is reported in this work. Prior to film Submitted: October 12, 2022
deposition, a highly tetragonal Pb(Zros, Tiogs) or PZT 05/95 was .

selected to be deposited on (110) oriented Strontium titanate, Revised: November 15, 2022
SrTiOs substrate, STO(110) to insure small compressive misfit
strain. Unlike SRO, the LSOM bottom electrode was then Accepted: December 8, 2022
successfully grown at 620 °C, 1.0 J/cm? and a target-substrate
distance of 3.9 cm. Finally, deposition parameters of PZT were Published: December 30, 2022
progressively optimized through monitoring film morphological
changes. Monocrystalline PZT films of different thicknesses
with layer-by—layer growth mode were finally realized at a
deposition temperature of 550 °C, laser energy of 1.0 J/cm?,
background pressure of 200 mTorr O,, while deposition rate
was 3 Hz and target-substrate distance of 3.1 cm. The optimal
film growth rate was finally estimated to be 0.3 nm/100 Pulses.

Keywords: PZT, SRO, LSOM, Thin Pulsed Laser Deposition, Epitaxy, film

INTRODUCTION obtain the enhanced ferroelectric-related
Lead Zirconate Titanate (PZT) is the most properties for_ conventlongl ferroelectric
widely used material in electromechanical materlals both in bulkce.)ramms (Wada etal:,

7 : 2007; Wada et al., 2004; Wada and Tsurumi,
applications such as in  actuators,

transducers and energy harvesting due to its 2004; Wada et al., 1999), and most recently
: energy ha g . in thin films (Kim et al., 2020; Baek et al.,
superior piezoelectric properties

(Damijanovic, 1998). Chemically, PZT is a 2017).. Single domain state can be archived

solid solution of lead titanate, PbTiO3 (PTO) E?’ g& l?:())’";g ?ﬂcelicrtigrﬁt;l'[?(l)crj] al(i)r?gtmg pé);:lg
and lead zirconate and PbZrOs (PZO). PZT Y grap X

. : : . along [001] for tetragonal symmetry.
is also known for its superior ferroelectric

. : However, it has been demonstrated that a
and ferroelastic properties. Recent advances hiah density of periodic domain patterns can
in thin film growth techniques have driven g yorp P

the modern study of complex ferroelectric be obtained by apply_mg an electric _f|e|d
. : , . along one non-polar orientation of the single
oxide materials leading to the discovery of

new multiferroic systems and the production crystal sample in domain engineering (Wada
. ol dthe p et al., 1998). This interesting observation
of materials with non-equilibrium phases . et
. . . . opens up a wide range of possibilities for
through domain engineering (Kim et al., rocessing ferroelectric material, PZT in
2020; Mtebwa et al., 2014). Domain P g )

. L . particular with desired domain patterns that
engineering is the technique employed to : . S
suit a particular application.
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In addition to film orientation, the nature of of deposition parameters. In this work, we
domain structures to be realized also depend report the systematic study on the
upon the in-plane strain imposed by the optimization of PLD deposition parameters

substrate (strain engineering), as well as the for (110) oriented tetragonal PZT thin films.
processing conditions quality of thin films

(Sun et al., 2021; Schwarzkopf et al., 2017; MATERIALS AND METHODS

_\/afaee et al., 2013; Chu et a_l., 2006). [011] PZT and Substrate Materials

is one of the special non-polar

crystallographic directions for domain In this work, a highly tetragonal Pb(Zros,
engineering which is of interest in this work. Tiogs) or PZT 05/95 was selected to be
A number of studies have reported the deposited on (110) oriented Strontium
processing of (110) oriented PZT thick films titanate, SrTiOs substrate (STO(110)). The
for electromechanical applications using selection of film-substrate combination is
different techniques including sogel (spin determined by the nature of in-plane lattice
coating) (Ambika et al., 2012; Ambika et mismatch, which can be estimated using
al., 2010) and pulsed laser deposition (PLD) u = as; — ag/ap, where ag and ay are the
(Vu et al., 2015). However, these films are in-plane lattice parameters of the substrate
normally polycrystalline and sometimes and the film respectively (Tagantsev et al.,

textured due to misfit dislocations resulting 2010). As Table 1 shows, the PZT is
from film strain relaxation as thickness expected to have a mismatch of about -0.28
increases. As for the thin films, a number of % and -3.21 % along [100] and [110]
studies have already reported PZT films directions of STO substrate respectively.
grown by PLD, however to our knowledge

no studies have been reported on the effect

Table 1: PLD deposition parameters for LSMO and PZT 05/95 thin films.

Material Lattice parameters (nm) In-plane lattice parameters (nm)
a @ [100] [110]
Pz 0.3916 0.4142 0.3916 0. 5700
STO(110) 0.3905 0.3905 0.3905 0. 5522
Lattice Mismatch (%) -0.28 -3.12
Substrate Treatment water-soluble  SrO  into  strontium

STO(110) substrates consist of the stacking of  hydroxide.
alternating SrTiO** and O2* layers (Biswas et (ji) Etching with buffered HF solution with a
al., 2011). Since substrate termination is  pH of about 4.5 for up to 15 seconds to

am(\)/\r/]t% thed fa(céorst thatt (Ijet;ng‘izneBtth Ifiml selectively etch away strontium hydroxide
growth mode (Koster et al., , BACNEIEL €L 55y cleaning again the substrates with alcohol
al.,, 2009); STO(110) substrate treatment to( ) and 940

attain  TiO** rich topmost surface was .
P (iv)anneal the substrates at about 1000 °C for

conducted using the  well-established H icallv fl £
procedures (Biswas et al., 2011). The treatment ~ 1-3 Nours to get an atomically flat surface

procedure consists of the following steps: with step terraces whose height is equal to
(i) Cleaning the substrates with acetone and  single unit cell size.

alcohol (e.g Isopropanol or methanol) and

performing ultrasonic soaking in deionized

(DDfor about 30 minutes to dissolve a
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Pulsed laser Deposition Method

In this work, both the bottom electrodes and
PZT thin film were deposited by using the
pulsed deposition technique (PLD). In this
physical  vapour deposition technique,
materials from a target with desired chemical
composition are evaporated and deposited on
the substrate using high-power laser pulses
(Antoni and Stock, 2021; Chrisey and Hubler,
2003; Willmott and Huber, 2000). As shown
in Figure 1, the basic components of a PLD are
a vacuum chamber, a rotating target holder
also known as a carouser, a laser generator and
oXygen pressure.

Optics (Quartz Lens)

Laser beam

— Substrate

-«— Laser plume

/ Rotating target

Heater (T)

a set of optics for focussing the laser beam. For
different substrate—film materials
combinations, the film quality depends upon
PLD parameters namely: Laser energy or
Fluence (Jem), Deposition temperature (°C),
Vacuum  pressure  (mTorr), Deposition
frequency (Hz) and Substrate-Target distance
(cm). The combination of all these parameters
in turn determines the film deposition or
growth rate which is measured in nm/100
Pulses. For perovskite materials such as those
used in this work, the vacuum pressure is
controlled by background.

)

(@

Vacuum pump

Figure 1: Schematic diagram of a Pulsed Deposition Setup modified from Mtebwa and Setter (2022).
The deposition temperature (T) and vacuum pressure (p) are controlled by an electric heater and
vacuum pump respectively; whereas, both the laser energy and deposition frequency are controlled

by the laser generator.

RESULTS AND DISCUSSION

Substrate Treatment

Figure 2 (a) below shows the AFM image of
the surface morphology of the treated STO
(110) substrate. Figure 2 (b) indicates the
plotted cross-sectional profile of the
substrate, showing the atomic step height.
The distance between the steps is
approximately equal to 0.276 nm consistent
with results reported in the literature (Biswas
etal., 2011).

Surface Topology Characterization of
SRO and LSMO Bottom Electrodes

When depositing the bottom electrode, the
first attempt was to grow SRO on BFH-
treated STO(110) substrate. Although the
right SRO phase was crystallized, it was not
possible to achieve step flow growth mode.
As shown in Figure 3, AFM topography
showed selective film nucleation and poor
surface diffusion suggesting that single

surface termination of the STO(110)
substrate was not achieved by chemical
treatment.
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Figure 2: Treated STO(110) substrate: (a) AFM topography of ST(110) substrate. (b) Surface profile

showing atomic steps.

Figure 3: AFM topography of SRO thin film on
STO(110)  substrate  showing  selective
nucleation due to multiple terminations of the
substrate surface.

After unsuccessful results with SRO, the next
attempt involved the use of LSMO as a bottom
electrode. This follows similar attempts that
have been reported whereby LSMO thin films
were grown on untreated STO(110) for
investigation of LSOM magnetic properties

(Majumdar et al., 2013; Boschker et al., 2010;
Ma et al., 2009)..

Figure 4 shows the progress in LSMO film
quality improvement as the PLD deposition
parameters were optimized. The grainy
texture film topology in Figure 4 (a) was
modified to preferentially elongated grainy
features shown in Figure 4 (b) by decreasing
the growth rate; by increasing the substrate-
target distance from 2.7 cm to 3.9 cm. The
hole-like structures (in Figure 4 (b)) in
between the elongated structures suggested a
high surface diffusion rate. Therefore, the
surface diffusion rate was reduced by
decreasing the growth temperature from 750
°C down to 620 °C, which resulted in the
desirable step flow growth mode shown in
Figure 4 (c). Finally, the small particles
observed in Figure 4 (c) were eliminated by
decreasing laser energy density from 1.5t0 1.0
Jlem?,

LSMO PLD parameters optmization

Figure 4: AFM topography of LSMO thin film on STO(110) substrate showing film growth
improvements during optimization of PLD parameters.
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Surface Topology Characterization of PZT
Thin films

PZT 05/95 thin film quality growth mode was
also improved through varying PLD
parameters as shown in Figure 5. Grainy
particles-like features also known as islands,
which are associated with high growth rates
were eliminated through an increase in
substrate-target distance from 2 cm to 3.1cm
(Figure 5 (a)-(c)). Poor atomic/molecular
surface diffusion which normally results in
hole-like features in between the elongated
structures improved through decreasing
growth temperature from 575 °C to 550 °C

(Figure 5 (c)-(e)). Figure 5 (e) shows a mix of
short-range layer-by-layer growth mode
underneath or mixed with island growth,
suggesting that the high growth mode is still
dominating. Therefore, the film growth rate
was further reduced by decreasing laser
energy down to 1.0 J/cm? which in turn
transformed the island growth mode in Figure
5 (e) to step flow growth mode in figure Figure
5 (f ). Optimized PLD conditions for both
LSMO and PZT 05/95 thin films are shown in
Table 2. The roughness of the films at
optimized conditions for both LSMO and PZT
thin films is in the range of about 0.15-0.2 nm.

Figure 5: AFM topography of PZT 05/95 thin film on STO(110) substrate showing film growth
improvements during optimization of PLD parameters.

Table 2: PLD deposition parameters for LSMO and PZT 05/95 thin films.

Material | Fluence! | Temp.? | O2® Freg.* | Distance® | Growth Rate
[Jem?] | [°C] [mTorr] | [Hz] | [cm] [nm/100 Pulses]

LSMO 1.0 620 112 3 3.9 0.3

PZT 05/95 | 1.0 550 200 3 3.1 0.3

! Laser energy density calculated by dividing the laser energy by the laser spot size on the target.

2 Temperature of the heated substrate holder, thus It can be slightly different from the actual substrate temperature

depending on how it is measured.
3 Background oxygen pressure.
4 Laser pulse rate (frequency)

5 Substrate-target distance.
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Structural Characterization

Figure 6 shows (110) peaks from 2theta-
Omega XRD scan profiles of PZT 05/95 of
different thicknesses (10, 60 and 107 nm)
which were grown on STO(110) substrate
with 10 nm LSMO bottom electrode. The
only family of (110) peaks were detected in
full range scan, indicating that the films were

(a)

1
PZT 05/95: 10 nm

PZT (110)

Intensity (a.u]

8 20 30 81 %2 3 M 3
2ThetaOmega [deg]

STO (110)

PZT 06/95: 107 nm
1 LSMO: 10 nm

PZT (110)

LSMO (110)

Intensity [a.u]

28 2 30 31 32 a3 4 3
2ThetaOmega [deg]
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single crystalline with (110) orientation. Low
film roughness resulted in the manifestation
of thickness fringes around the XRD peaks
due to interference of X-rays reflected from
the top and bottom interfaces of the thin film
(Dorset, 1998). The periodicity of thickness
fringes increases with film thicknesses
(Figure 6 (a)-(b)), which eventually smoothen
out in much thicker films (Figure 6 (c)).

(b)

STO (110)

PZT 05/95: 60 nm
LSMO: 10 nm

PZT (110)

LSMO (110)

Intensity [a.u]

2 20 30 31 32 33 24 %
2ThetaOmega [deg]

Figure 6: XRD 2theta-Omega images of PZT 05/95 thin films with different thicknesses with 10 nm
LSMO on STO(110) substrate. (a) 10 nm PZT 05/95 thin film on ST(110), (b) 60 nm, and (¢) 107 nm

PZT 05/95 thin films.

Electrical Characterization

Electrical measurements were conducted by
using a Piezoresponse force microscope
(PFM) to study the polarization state of the as-
grown films. The measurements were made by
scanning 6 um x 6 pum regions of the film
surface with conductive AFM tips at a
scanning rate of 0.5 Hz and 256 lines as shown
in Figure 7. The vertical PFM phase (Figure 7
(a)) shows that the as-grown films are single
domain owing to the fact that there are no
visible regions with domain walls or domains
with different orientations.

To establish the actual orientation of the
polarization vector, a positive 5 V d.c. voltage
was applied on an AFM tip and used to pole
part of the previously scanned film surface
region. As shown in Figure 7, the switched
region is in black contrast, indicating a 180°
phase switching relative to the as-grown
region. Since the switching was made possible
by applying a positive voltage on the top film
surface, it suggests that spontaneous
polarization of as-grown films is pointing
away from the substrate, also referred to as the
c/c domain pattern as schematically shown in
Table 8.
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Figure 7: Vertical (a) and lateral (b) PFM phases of a 50 nm (110) PZT 05/95 film grown on STO(110)
with 10 nm LSMO. PFM images indicate upwards as-grown monodomain structure and the
downwards-poled central area which was switched by applying 5 V on the AFM tip.

[110]

Substrate Reference Frame

Figure 8: Schematic of c/c - domain pattern of tetragonal PZT in a (110) oriented substrate frame of

reference.

CONCLUSIONS

Optimum PLD parameters for growing (110)
oriented single-crystalline PZT 05/95 thin film
on STO(110) substrate have been successfully
achieved. It has been shown that double
substrate termination hinders the step flow
growth mode of the SRO bottom electrode
regardless of substrate treatment. Despite
inferior electrical conductivity properties, a
thin layer of LSM bottom electrode was
successfully deposited with step-flow growth
mode on the substrate. This eventually
enabled

the PZT film to grow with step flow growth
mode on the electrode layer. Therefore, it can
be concluded that the combination of
optimized PLD conditions, low misfit strain as
well as the quality of the bottom electrode has
enabled the successful growth of (110)
oriented PZT thin films. These findings are an
important contribution to the processing
techniques of complex oxide films.
Furthermore, it was found that the work
function difference between the bottom
electrode and the PZT film dictates the
preferential orientation of the film.
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