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Innovative Design and Precision Characterization: Unleashing the Potential of Next-Gen 
Piezoelectric Thin Films for High-Speed Wireless Communication 

 
As the world enters the era of 5G wireless network, the critical role of high-speed wireless 
communications is more important than ever to enable exciting applications such as autonomous 
vehicles, virtual reality, and Internet of Things (IoT). The key device that controls the speed of 
wireless data transfer is the radio frequency filters, among which acoustic wave based filter is the 
best product with small footprint and low cost. To achieve high speed wireless data transfer, 
piezoelectric thin films with higher electromechanical coupling coefficients are desired. In this 
project, thin films with much higher coupling coefficients than the current market products will be 
developed. This will serve as the hardware foundation for high-speed wireless network for 5G and 
IoT.  
This project aims to develop high-performance piezoelectric thin films (NaNbO3) as shown in Fig. 
1 for next generation wideband acoustic filters via combining innovative thin-film design with 
atomic-resolved structural characterization. We will design novel nanostructures and crystalline 
phases, grow high-quality NaNbO3 thin films, and subsequently fabricate acoustic resonator 
devices using photolithography and etching methods. The growth condition will be further 
optimized by the performance of the devices that is evaluated by acoustic filter tests. To 
understand the fundamental mechanism of macroscopic performance, we will carry out a 
systematic study of the  structure and electronic properties of the thin films using 4D STEM (Fig. 
2) and directly image the polarization, electric field and charge density distribution with atomic 
resolution. Combining in-situ TEM, the dynamic behaviors of nanostructures in the devices, 
including the nucleation and growth of domains during switching under applied electrical field or 
mechanical stress will be fully characterized. By leveraging world-leading expertise in the fields 
and the state-of-the-art research facilities, oxide Growth Facility  at the A*STAR and electron 
microscopy RTP at the University of Warwick, our goal is to perform cutting-edge research and 
exploit the developments in next generation piezoelectric thin films for high-speed wireless 
communications.  
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Supplementary Fig. 7 Principle of polarization measurements according to ion displacement. 77 

a, dCOM image of unstrained freestanding BFO, indicating the real-space position of cations and 78 

oxygen ions. A spontaneous polarization with upward out-of-plane component can be revealed. 79 

Blue, red and yellow circles represent Bi, Fe and O atomic columns, respectively. Scale bar: 1 nm. 80 

b, Measurement of relative displacement įz of B site atomic column to center of nearest four A 81 

site atomic columns. The out-of-plane polarization P is calculated based on the empirical formula 82 

P = kįz, where k is an empirical constant fitted from macroscopic measurement of corresponding 83 

ferroelectric materials26. c, Precise measurement of out-of-plane polarization based on cation-84 

anion bond length27, details in lattice and polarization measurements in Methods. The 85 

calculated average out-of-plane spontaneous polarization of freestanding BFO is about 52.7 86 

ȝC/cm2.  87 

  88 
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We used synchrotron x-ray diffraction
to investigate the crystal structures and
temperature-dependent phase transitions of
the NNO and NPR-NNO films. The thickness
fringes around themain diffraction (001) peak
of the NPR-NNO film (Fig. 2A) reflect the high
quality and smooth surface, whereas we ob-
served no thickness fringes for NNO films. We
found a single diffraction peak with the same
in-plane lattice parameter as the Nb-STO sub-
strate in the (103) reciprocal space mapping
(RSM) for the NNO film (Fig. 2B). This indi-
cates that the NNO film is coherently strained
even at a thickness of 200 nm, and the obser-
vation is consistent with a previous report (16).
This is probably due to the small lattice mis-
match of ~0.47% between the NNO bulk
structure and the Nb-STO substrate (fig. S4).

Combinedwith other RSMs, we found that the
NNO film has a tetragonal symmetry. How-
ever, the (103) RSM for the NPR-NNO film
(Fig. 2C) shows peak splitting due to mono-
clinic symmetry (see fig. S4 for more RSMs
and lattice parameters). Oxygen octahedral
rotations in the perovskite structure give rise
to doubling of the unit cell along certain direc-
tions, which can be probed by the half-order
diffraction peaks (17) (Fig. 2D). The half-order
(0 0.5 1.5) diffraction peak is equivalent to
the (0.5 0 1.5) peak (fig. S4B) because of the
isotropic nature of the in-plane directions of
theNb-STO substrate, thus suggesting that the
in-phase rotation exists along both in-plane
directions. According to Glazer’s notation (18),
the rotation patterns for both films are a mix-
ture ofa–b+c– anda+b–c–. However, theNPR-NNO

film shows substantially lower peak intensity,
especially the (1.5 0.5 1.5) and (0.5 0.5 1.5)
peaks corresponding to out-of-phase rotations.
This is probably due to the distortion induced
by the nanopillar regions and the edge-sharing
octahedra at the out-of-phase boundary (Fig.
1, G to I) that breaks the long-range order of
rotation.
We conducted temperature-dependent x-ray

diffraction to study the phase transition (Fig.
2E). The out-of-plane lattice parameter c shows
a change in slope at ~457°C for the NNO and
NPR-NNO films. The changes in the in-plane
lattice parameters a of both films are less ob-
vious as a result of the constraint by the sub-
strates. We also monitored the intensity of
the half-order (0 0.5 1.5) diffraction peak
(Fig. 2F). For both NNO and NPR-NNO films,
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Fig. 1. Atomic structures of NNO and NPR-NNO thin films. (A to C) Cross-
sectional low-magnification STEM ABF image (A), atomically resolved HAADF
image (B), and schematic structural model (C) of NNO films on Nb-STO (001)
substrates. (D, E, G, and H) Cross-sectional low-magnification ABF image (D),
cross-sectional atomically resolved HAADF image (E), plan-view high-magnification
image (G), and plan-view atomically resolved HAADF image (H) of NPR-NNO
films on Nb-STO (001) substrates. (F and I) Schematic structural models of

NPR-NNO films in cross-sectional view (F) and plan view (I). The arrows in (E),
(F), (H), and (I) indicate the rows of Nb atoms in the nanopillar regions. They are
much weaker than the Nb atom columns in the normal crystal from cross-
sectional view [left side of (E)] because they are much shorter along the beam
direction. The yellow and red boxes in (E) and (H) represent the lattice of the
nanopillar region and the regular perovskite structure of the matrix, respectively.
The dashed lines in (H) show the nanopillar region.
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Fig. 2 4D-STEM imaging [3] and the polarization 
mapping of BiFeO3 [2,4]` 

Fig. 1 Atomic Structure of NaNbO3 thin film[1] 


