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Abstract

Although the epitaxial strain due to lattice mismatch between films and substrates could lead
to improved properties and emergent functionalities, the limited choices of substrates and
strain relaxation has hindered the further tunning of thin films ferroelectricity by conventional
strain engineering via electro-elastic coupling. Here, we fabricate epitaxial thin films
composed of self-assembled arrays of PbxTiyOx+2y (lead-riched) nanocolumns embedded in a
PbTiOs matrix by laser ablation of single lead titanate ceramic targets. The c-axis lattice
parameter of the whole nanostructure can reach up to 4.7 A and the out-of-plane to in-plane
lattice parameter ratio of 1.2 could be achieved, based on which spontaneous polarization is
also estimated according to the coupling between tetragonality and polarization for
ferroelectrics. The value of tetragonality could be well tuned by the growth conditions, such
as the growth temperatures. Moreover, single lead titanate film composed of multiple

tetragonalities could also be reached. Our work provides a general approach to regulation of
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lattice states and functionalities beyond their present levels via elastic coupling between the

self-assembled nanostructures in three dimensions.

1. Introduction

The electronic materials with multifunctionalities are of fundamental interest and
technological importance for applications in information techniques. !'-*] Ferroelectrics
featuring electrical switchable polarization are promising candidate for the microelectronic
devices such as sensors, transducers and nonvolatile memory devices. [*31The high
performance of ferroelectric oxides with perovskite structure including the large polarization
and high Curie temperature is usually related to their giant tetragonality (c¢/a) of lattices.[6-13]
However, this kind of compounds are rare and require extreme synthesis conditions, e.g.,

[9.14] Recently, significant

applying high compressive strain by diamond anvil cells.
development of thin film growth techniques has enabled high quality epitaxial ferroelectric
films with improved properties and emergent functionalities. The strain engineering including
lattice strain which is due to the lattice mismatch between film materials and substrates, as
well as the thermal strain has become a well-recognized approach for manipulation of lattice
deformation and physical properties. [>!31®/However, this approach is basically hampered due
to limited commercially single crystal substrates or film-thickness driven strain relaxation.

In light of these challenges, additional growth parameters could be introduced for
extending new structures and properties. Recent works demonstrated that by synergetic
controlling of the laser fluence, lattice strain, and thermal strain, highly strained tetragonal
phase (c/a~1.1) of PbTiOs films with large Poisson’s ratio and polarization could be
reached.['”] Moreover, by introducing another phase into ferroelectrics to form a
nanocomposite material, polarization could also be strongly enhanced.['8) Lin et al. used the
laser ablation of BaTiO3:SrRuQO; (BTO:SRO) ceramic target and fabricated SRO nanoclusters
embedded in epitaxial BTO film matrix, realizing increase of polarization in BTO film.[!"]
Zhang et al. introduced a large interphase strain in the magnetron sputtering deposited
PbTiO3:PbO composites which have dispersed PbO nanoparticles in the films and found giant
tetragonality of the ferroelectric films.?%! Here, we fabricated epitaxial thin films with self-
assembled arrays of PbTiO3 nanocolumns intergrowing with (Pb,T1)O phase with PbO
structure by laser ablation of single lead titanate target. The X-ray diffraction characterization
suggests the c-axis parameter of the whole nanostructure can reach up to 4.71 A and the
lattice tetragonality up to 1.23 could be achieved (compared to 1.065 in bulk) measured by

electron diffraction. The spontaneous polarization is also estimated according the coupling



WILEY-VCH

between polarization and tetragonality. The value of tetragonality could be well tuned by the
growth conditions, such as the growth temperatures. Moreover, single lead titanate film
composed of multiple tetragonalities could also be reached. This work provides a new
pathway to effectively modulate and enhance ferroelectricity by developing emergent

nanostructures.

2. Results and Discussion

PbTiO; has a tetragonal perovskite structure with lattice parameters (a =3.899 A, ¢ =
4.154 A, and ¢/a = 1.065).12"] The epitaxial PbTiO; (PTO) films were grown on perovskite
single crystal substrates by pulsed laser deposition (PLD). Lao.7Sro3sMnO3 (LSMO) was used
as the bottom electrode. As described below, the growth conditions, such as substrate
temperature, oxygen pressure can be used to control the microstructure of thin films. Figure
la and 1b show the X-ray diffraction results and analysis of PTO/LSMO heterostructures
grown on SrTiO; (STO) (001) substrates by varying the film growth temperatures. Only c-
axis diffraction peaks could be observed, showing the films were epitaxially grown. The shift
of PTO diffraction peaks to lower angles demonstrates the apparent change of c-axis lattice
parameters by tuning growth temperatures. It is found that as the growth temperature
gradually increases (540—600—700 °C), the c-axis lattice parameter gradually increases and
then sharply decreases (4.65— 4.71—4.12 A) (film thickness were maintained to be 18 nm,
oxygen pressures are 2 Pa). For example, the c-axis epitaxial PTO film deposited at growth
temperature of 600 °C, the c lattice can be extended by 13.3% compared with its bulk
counterpart. Here, the PTO phase with c-axis lattice parameter larger than 4.4 A is called
super tetragonal phase (ST), while the one with c lattice value near 4.15 A is called normal
tetragonal phase (NT). Figures 1c and 1d show the thin film thickness effect on the change of
c-axis lattice parameter when films were grown on 600 °C and 700 °C, corresponding to the
ST and NT phase, respectively. Figure le presents the quantitative analysis. It shows the ¢
lattice parameter of ST phase decreases from 4.71 A to 4.537 A when film thickness increases
from 18 nm to 54 nm (substrate temperatures during growth were 600 °C and oxygen
pressures were 2 Pa), while the c lattice value of NT phase is nearly 4.15 A. It is known that
as the thickness increases, the compressive strain from the substrate on the PTO would
gradually relax, resulting in the increase of a-axis lattice value and decrease of c-axis lattice
value. It indicates that the growth of the ST phase in this system is simultaneously affected by
the epitaxial strain from substrate. The results are on the contrary of Zhang’s work in which

the c-axis lattice value of super-tetragonal PTO increases with the increase of film thickness.
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Figure 1. a) Growth temperature-dependent XRD of PTO(20nm)/LSMO/STO (001) systems.
b) The c-axis lattice parameter as a function of growth temperature. ¢) and d) The thickness-
dependent XRD of PTO/LSMO/STO (001), with growth temperature of 600 °C and 700 °C,
respectively. e) The c-axis lattice parameter as a function of thickness at different growth
temperature (red: 600 °C, blue: 700 °C). The black dashed lines indicate the c-axis lattice
parameter of bulk PTO.

For the ST sample grown at 600°C, we further explore the effect of oxygen pressure on the
lattice parameters, as shown in Figure 2a and b. It is noted that the formation of ST phase is
also sensitive to oxygen pressure (Figure 2a). The c-axis lattice parameter decreases with
increase of oxygen pressure. Generally, the single ST phase can be maintained with an
oxygen pressure of less than 2 Pa. As the pressure increases to 10 Pa, an additional NT phase
gradually appears, resulting the coexistence of ST and NT phase (cst=4.625 A, cnt=4.188 A)
in one sample. Moreover, different substrates including (La,Sr)(Al,Ta)Os; (LAST) and LaAlOs
(LAO) were used to grow PTO films to study the strain effect (with substrate temperature of
600 °C and film thickness of 18 nm). Since the in-plane lattice parameters of LSAT and LAO
are smaller than that of STO, it would bring greater compressive stress to the PTO film. The
results are shown in Figure 2c and d. It is demonstrated that the larger compressive stress
enables the PTO of NT phase and HT phase to coexist in the PTO film grown at 600°C. The ¢
lattice parameter values of their corresponding ST phases (4.77 A) are slightly larger than the

pure ST phase grown on STO, originating from larger compressive strain. More interestingly,
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when the growth temperature increases to 620°C, the PTO film grown on the LAO, a
diffraction peak corresponding to intermediate phase (c=4.11 A) appeared in the XRD pattern,

suggesting coexistence of three phases in one sample.
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Figure 2. a) Oxygen pressure-dependent XRD of PTO/LSMO/STO (001). b) The c-axis
lattice parameters as a function of oxygen pressure. ¢) XRD of PTO/LSMO heterostructures
on different substrates. The black arrows indicate the (003) peaks of PTO. d) The c-axis
lattice parameters as a function of substrate selection. The black dashed lines in b) and d)

indicate the bulk value of PTO.

lattice parameter values of their corresponding ST phases (4.77 A) are slightly larger than the
pure ST phase grown on STO, originating from larger compressive strain. More interestingly,
when the growth temperature increases to 620°C, the PTO film grown on the LAO, a
diffraction peak corresponding to intermediate phase (c=4.11 A) appeared in the XRD pattern,

suggesting coexistence of three phases in one sample.
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To study both in-plane and out-of-plane lattice parameters, selected area electron
diffraction (SAED) in transmission electron microscopy (TEM) mode was used to
characterize the PTO film grown on STO (001) with substrate temperature of 600 °C, as
shown in Figure 3a. Coherent epitaxial growth of PTO film with fully strain state is
demonstrated. In Figure 3, the distance between PTO (002) and STO (002) peaks were
measured to be 8.35 and 10.05 1/nm, respectively, corresponding c-axis lattice parameter of
4.68 A (the slight reduction of lattice parameter compared with the XRD result, 4.71 A, may
be due to the strain relaxation in the preparation of thin TEM sample). The value is well
matched with the XRD results in Figure 1. The out-of-plane to in-plane lattice parameter ratio
(c/a) of PTO could calculated as 1.2 based on the electron diffraction analysis, the value (c-
a)/a [%] is 20%, which is more than three times larger than the bulk form (6.5%). More
comparison could be found in Table 1. The reciprocal space mapping (RSM) of the sample
(103) reflection was also characterized and the result is shown in Figure S1. It shows the thin

films sample is also under fully in-plane strain state.
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Figure 3. a) The SAED of PTO/LSMO/STO (001). b) The intensity profile of diffraction
spots: PTO (002) and STO (002).

Table 1. Comparisons of lattice parameters and tetragonality [(c-a)/a] of perovskite

ferroelectric materials.

Materials a[A] c [A] ((c-a)/a) [%]
PTO/LSMO/STO (this work) 3.9 471 20

(HT) PTO-LSAT (ref. 17) 3.868 4276 10.55

PTO Bulk 3.899 4.154 6.44
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To get further insights into the microstructure and ferroelectricity of the super-tetragonal PTO
film, spherical aberration corrected scanning TEM (Cs corrected STEM) was conducted to
investigate the atomic scale lattice structure. A low-magnification high angle annular dark
field (HAADF) STEM image (Figure 4a) shows an epitaxial growth of PTO film with
atomically sharp LSMO/PTO interface. More importantly, a self-assembled columnar
structure could be clearly observed. Since the intensity of HAADF image is sensitive to the
atomic numbers of chemical elements, the difference in contrast of the nanocolumns indicates
different composition. Two types of nanocolumns can be clearly observed, denoted as type I
and type II (with brighter contrast). It can be seen that the nanocolumns (type II) nucleate
from the LSMO/PTO interface, and grow vertically until the film surface. The average width
of the nanocolumns (type II) is ~3 nm. Figure 4b shows the high-magnification HAADF-
STEM image of the nanocolumns. The interface between the two phases could be observed.
To check the difference in image intensity of A-site and B-site cations , a profile of HAADF
intensity was extracted in the white rectangle marked area across the nanocolumn interface
along [011] direction, as shown in Figure 4c and d. As Pb has much higher atomic number Z
compared with Ti, The HAADF intensity of PbO atomic column should be much higher than
the TiO2 column in PbTiOs film. It is presented that the low intensity at B-sites indicates the
nanocolumn (type I) is PbTi0; phase while the high HAADF intensity of B-site suggests that
a large proportion of B-sites are occupied by the Pb cations (Pb-riched) and increase the
average atomic number in nanocolumn (type II). In addition, there is also a transition region
of about three unit-cells thickness, possessing intermediate HAADF intensity of B-sites
atomic column. It maybe originated from the overlapping between the nanocolumn phases.
The analysis of the two types of nanocolumns by energy dispersive X-ray (EDX-STEM)
spectrum in STEM mode was also conducted, as shown in Figure S2. The results suggest the
compositions of the two regions have no evident change, both include Pb, Ti and O elements.
The structure of the Pb-riched regions (nanocolumn type II) is similar to the PbO compound
which has a similar tetragonal structure (a=3.899 A, ¢=5.0217 A). ?20ur chemical
composition analysis suggests a high-level solution of Ti element in PbO structure. As
reported in a previous study, a PbO-TiOz solid solution with stoichiometry of PbTi0.s02.6 has a
tetragonal structure with lattice parameters of a=0.3911 nm and ¢=0.4831 nm, which is close
to our results. ! The small lattice mismatch between the PbO structure phase and the
manganite bottom electrode offers the possibility of its epitaxial growth along c-axis. It
should also be noted that the PbTio.302.6 could be converted to perovskite PTO by heating,

suggesting its lower formation energy and temperature compared to perovskite phase. The
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growth of self-assembled composite structure may due to the difference formation energy of
these two phases: the phase with PbO structure has lower formation energy while the phase
with PTO structure has higher formation energy and requires higher substrate temperature
during growth. In the intermediate film growth temperature, two types of phases could be
formed simultaneously with self-assembled nanostructure. The similarity in structure between
PTO and PbO structure phase offers the possibility for epitaxial strain along c-axis. The PbO
phase may stretch the neighboring PTO phase and elongate its c-axis lattice parameter,

resulting in the formation of ST phase.

BO, (TiO2)

HAADF Intensity e

0 1 2 3 4 5 6
Distance (nm)

Figure 4. a) A low magnification HAADF-STEM image of PTO/LSMO/STO heterostructure.
The nano-columnar structure is evident in the PTO layer. b) High resolution HAADF-STEM
image of a nanocolumn. The red dashed line indicates the interface between the columnar
grains. ¢) The enlarged HAADF-STEM image, the left side is PTO and the right side is Pb
excess oxide. The red dashed line is the interface. d) The HAADF intensity profile of atomic

row in c¢) marked by white rectangle.
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Based on the measured tetragonality, a phenomenological approach was used to
estimate the ferroelectricity. On the basis of the Landau—Ginzburg—Devonshire theory,

ferroelectric polarization can be calculated by the equation shown below:[?4
1/2

_ 212

— (11+ 12)

_[ 11_212 12] (1)
(11+ 12)

In Equation 1, xs = (c - ap)/ap; Xm = (a - ap)/ap; a and c are in-plane and out-of-plane lattice
parameters; ap, lattice parameter of cubic PTO being extrapolated to room temperature; sij,
elastic compliances; Qjj, electrostrictive coefficients. The values of ap, Qjj, and s;; for PTO are
adopted from refs 25 and 26. It could be estimated that the PTO have polarization of ~177
uC/cm? for the case of ¢/a = 1.2, which is more than two times of the PTO bulk phase. This
theory was not applied to evaluate polarization before to the ferroelectrics with such high
strain.

In order to study the ferroelectric properties of the PTO films, piezoelectric force
microscope (PFM) analysis was used. The first sample is PTO film with pure ST phase
(PTO/LSMO/STO), and the second one is PTO with coexistence of both ST and NT phases
(PTO/LSMO/LSAT), the results are shown in Figure 6a and 6b, respectively. The topography
in Figure 6a presents the sample has a smooth surface with roughness of 1.9 nm. The
corresponding vertical PFM phase and amplitude images obtained without bias show a certain
degree of change in PFM phase contrast even in the absence of an electric field, which
indicates the spontaneous polarization of the film. It can be seen that the sample has c-
oriented polarization with most area has polarization upwards and only a small portion of
sample has polarization downwards. The results are consistent with the XRD and TEM
analysis, which demonstrate the elongation of PTO lattices along out-of-plane direction. In
contrast, Figure 6b shows different topography and PFM signal for the phase coexistence
sample. The roughness of the sample surface is 3.15 nm. The PFM demonstrates a typical
two-dimensional grid of 90° ¢/a domains which could be observed in conventional PTO or
PbZr2Tios03 (PZT) epitaxial thin films. 27281 This PFM signal is likely from the NT phase of
PTO. We conjecture that the NT phase is near surface, laying on the top of the ST phase. The
formation of NT phase may originate from the epitaxial strain relaxation. The PFM analysis
demonstrates that there is a good flexibility in regulating ferroelectric domain in the self-
assembled nanocolumn PTO films. From an application perspective, The self-assembled
nanopillar structure has well separated PTO nanocolumns, each of them could be regarded as

29,30

a nonvolatile information storage unit.?% The polarization direction (upwards or downwards)
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represents two different memory states. The nanostructure with thickness of 3 to 5 nm could
also be used in the field of ferroelectric tunnel junction devices (FTJ).3"321 PTO nanocolumns
could sever as the ferroelectric barrier layers of FTJ arrays, facilitating the development of

high-density information storage devices based on ferroelectric nanocolumns.

= b

4]

Topography

PFM-phase

PFM-amplitude

Figure 6. The topography, PFM-phase and amplitude of a) PTO/LSMO/STO and b)
PTO/LSMO/LSAT. The white scale bar in the topography image is 1 um.

3. Conclusion

In summary, we have demonstrated the growth modulation of super-tetragonal PTO films.
The c-axis lattice parameter of PTO films up to 4.71 A and c/a ratio of 1.2 could be achieved
by tunning growth conditions, such as substrate temperature and oxygen pressure. Moreover,
single lead titanate film composed of multiple tetragonalities could also be reached. The
microstructure of the super-tetragonal were revealed to be self-assembled nanocolumn
structure with Pb excess and matrix of PbTiOs. The polarization of about ~177 uC/cm? is
estimated for c/a = 1.2. This work provide feasibility to engineer the ferroelectric films with
volatile elements with the formation of self-assembled nanostructure without the limitation of
commercially discrete single crystal substrates. We also emphasize that the strategy could be
widely applicable to growth of other electronic materials to extend the lattice control with

emergent functionalities.

10



WILEY-VCH

4. Experimental Section

Film Growth: The epitaxial PbTiOs (PTO) films were grown by pulsed laser deposition
(PLD). The samples of Lag3Sro;MnO3 (20 nm)/PbTi03(18/36/54 nm) were grown on SrTiO3
(001) [STO (001)] substrates using pulsed laser deposition (PLD). The bottom layer of LSMO
was deposited first and acted as the bottom electrode for the LSMO/PTO stack. The films of
LSMO and PTO were epitaxially grown by PLD using a KrF laser with a repetition rate of 3
Hz and a fluence around 1.5 J cm™2. During the deposition, the temperature was kept at

780 °C for LSMO and (Ty=540/570/600/630/700°C) for PTO. After deposition, the oxygen
pressure was raised to S000Pa, kept there for 10 min, and then the films were cooled down in
oxygen (5000 Pa) to room temperature with 5 °C min™".

Characterization: The X-ray diffraction (XRD) measurements were performed on a D8
Advance diffractometer (Bruker Corporation, Germany), operating at 40 kV and 40 mA with
Cu Ka radiation (A=1.5406 A). The scanning rate for phase identification was fixed at 5°
min~! with a 20 range from 10° to 90°, and the data for analyzing were collected in a step-
scanning mode with a step size of 0.02°.

The cross-sectional TEM samples were prepared by focused ion beam milling method,
followed by argon ion milling in Leica EM RES102 Multifunctional Ion Milling System at
0.5 kV to reduce the damaged layer.. Selected-area electron diffraction (SAED) and high
angle annular dark field (HAADF) imaging were performed on a spherical-aberration
corrected JEOL ARM 200F scanning transmission electron microscope, operated at 200 kV.
For HAADF imaging a probe size of 0.1 nm was used with a semi-convergence angle of
o = 22 mrad. The angular detector used for HAADF imaging had an angular area for
capturing the electrons with scattering angles in a range of 90-176 mrad.

The PFM measurement was conducted on Bruker Dimension Icon AFM. Conductive
DDESP (spring constant: 80 N/m, frequency: 450 KHz) probe was used and AC modulation
of 3000 mV at 15 kHz was applied to the probe. Piezeo-response from the material was
monitored by a photodiode using the lock-in amplifier technique. Sample was scanned at 0.5

Hz rate.
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Short summary: Ferroelectric epitaxial thin films composed of self-assembled arrays of PbsTiyOx+2y
nanocolumns embedded in a PbTiO3 matrix could be fabricated by laser ablation. The c-axis lattice
parameter of the whole nanostructure up to 4.7 A and the out-of-plane to in-plane lattice parameter
ratio of 1.2 could be achieved. This work provides a general approach to regulation of lattice states and

functionalities beyond their present levels via elastic coupling between the self-assembled

nanostructures in three dimensions.

15



