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A B S T R A C T

In this study, we investigate piezoelectric behavior of sol-gel derived epitaxial Pb(Zr,Ti)O₃ (PZT) thin films with 
hetero-layered (HL) configurations on Si substrates. HLx/y films are fabricated by stacking two PZT layers with 
the same or different Zr/Ti ratios, where x and y indicate the Zr contents of the first and second layers, 
respectively, and this bilayer sequence is repeated throughout the film. We examine HL52/52 (equal to single- 
composition-deposited film, SCD52), HL60/45, and HL45/60, which share almost identical average composi
tions, to investigate how the stacking sequence affects film properties. Furthermore, in-situ bias-resolved recip
rocal space mapping (RSM) is employed to elucidate the electric-field-induced structural responses associated 
with their piezoelectric behavior. We extend our discussion to films with various layer configurations, where 
they are classified into four structural types; α-, β-, γ-, and δ-PZT. The effective transverse piezoelectric coeffi
cient, |e31,f|, is evaluated under both positive and negative unipolar oscillations. A clear correlation is found 
between the crystal structure and the built-in electric field (BIEF) direction, which significantly influences |e31,f|. 
Notably, the highest |e31,f| values are found near the morphotropic phase boundary (MPB): HL45/60 achieves 
15.9 C m-2 under negative unipolar oscillation, while HL60/45 reaches 13.5 C m-2 under positive unipolar 
oscillation. These results demonstrate that by tailoring the layer configuration, the piezoelectric response of sol- 
gel derived epitaxial PZT thin films can be effectively optimized.

1. Introduction

Since piezoelectric Pb(Zr,Ti)O3 (PZT) thin films serve as key mate
rials for piezoelectric micro-electromechanical systems (piezo-MEMS), 
their piezoelectric properties have been extensively studied to enhance 
the performance of these devices [1–4]. In terms of crystallinity, PZT 
thin films used in piezo-MEMS have been predominantly polycrystalline. 
In particular, a recent study reported highly textured PZT films with 
remarkable improvements in the 33-mode piezoelectric charge coeffi
cient (d33) [5]. In addition, polycrystalline and textured PZT thin films 
have demonstrated effective transverse piezoelectric coefficients (|e31,f|) 
reaching the mid-teens C m-2 under optimized crystal structure, 
preferred orientation, and processing conditions [1,2].

However, the performance of practical piezo-MEMS devices is not 
determined solely by the piezoelectric coefficient in most cases. Instead, 
device-level efficiency can depend on additional physical quantities that 
vary with the specific application. For instance, in piezoelectric energy 
harvester (PEH), gyroscope, and piezoelectric micromachined 

ultrasound transducer (pMUT) applications, the figure of merit (FOM) is 
expressed as (|e31,f|)2/(ε0εr), where ε0 and εr represent the vacuum 
permittivity and the dielectric constant, respectively, illustrating that a 
large dielectric constant can suppress device performance even when | 
e31,f| is high [6–8]. As polycrystalline and textured thin films possess 
relatively high dielectric constants, their FOMs in the above applications 
tend to be limited. More generally, such films are likely to be utilized 
only in piezo-MEMS devices where the FOM is primarily determined by 
the magnitude of the piezoelectric coefficient. To address this limitation 
from the perspective of device-level performance, many efforts have 
been made to deposit epitaxial PZT thin films [9–15]. The films have 
demonstrated good piezoelectric coefficients along with stable voltage 
and displacement responses (piezoelectric linearity) [16]. Besides, high 
Curie temperature (Tc), large electromechanical coupling coefficients, 
and markedly small dielectric constants that are desirable for enhanced 
device performance have also been reported [7,8,16].

On top of that, the crystallinity of thin films profoundly influences 
how clearly the relationship between crystal structure and piezoelectric 
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response can be identified. Epitaxial PZT thin films offer a distinct 
advantage in this regard, because their well-defined crystallinity 
removes the ambiguity caused by orientation inhomogeneity in poly
crystalline films (throughout the entire film) and in textured films 
(throughout the in-plane direction). This crystallographic clarity en
ables more definitive identification of how crystal structure governs 
piezoelectric response, which underscores the importance of epitaxial 
PZT thin films for piezo-MEMS, even with recent advances in textured- 
film techniques.

Typically, oxide single-crystal substrates such as SrTiO3 and MgO 
have been used for epitaxial growth due to their small lattice mis
matches of <5% [9–12]. However, since compatibility with conven
tional MEMS microfabrication processes is essential, the deposition of 
epitaxial PZT thin films on Si substrates is highly desired. Accordingly, 
several studies have focused on demonstrating the successful deposition 
of epitaxial PZT thin films on Si substrates [13–19]. Among these ap
proaches, sputtering has been the most widely employed method for 
depositing epitaxial PZT thin films on Si substrates, as it enables the 
production of high-quality films with excellent piezoelectric properties 
through precise control over composition [16–23]. This advantage was 
particularly evident in our previous work, where a maximum |e31,f| of 
10.1 C m-2 was achieved in a rhombohedral-dominant morphotropic 
phase boundary (MPB) under the direct piezoelectric effect, whereas a 
tetragonal-dominant MPB exhibited a maximum |e31,f| of 14.0 C m-2 

under the converse piezoelectric effect [16].
Recently, the sol-gel method has gained attention as a promising 

candidate for depositing epitaxial PZT thin films in piezo-MEMS appli
cations [24–29]. A maximum converse |e31,f| of 12.5 C m-2 which is 
comparable to that of sputtered epitaxial PZT thin films, was obtained 
from sol-gel derived films at the MPB [28]. This enhancement was 
attributed to electric-field-induced strain and 90◦ domain wall motion 
under an applied voltage, which was observed using bias-resolved in-situ 
analysis via synchrotron radiation X-ray diffraction (SR-XRD).

To enhance the piezoelectric properties further, a new approach is 
required to facilitate electric-field-induced strain and domain wall mo
tion in response to an applied voltage. It was shown that constructing a 
hetero-layered (HL) PZT which consists of PZT layers with different Zr/ 
Ti ratios, is an effective way to improve the piezoelectric, ferroelectric 
and dielectric properties of sol-gel derived PZT thin films by enabling 
film texture control [30], phase boundary engineering [31], 
field-induced coupling [32–33], and strain gradient formation [5,34]. 
Since previously reported HL PZT thin films were typically poly
crystalline, applying the HL concept to epitaxial films enables a crys
tallographically well-defined investigation of how layer configuration, 
defined as the specific combination of composition and stacking 
sequence, affects their properties.

In this study, we prepared c-axis oriented epitaxial PZT thin films on 
(001)SrRuO3 (SRO)/Pt/ZrO2/Si substrate using the sol-gel method. To 
unravel the relationship between layer configuration and piezoelectric 
properties, we first examined a set of films designed to have nearly 
identical average compositions but different layer configurations. In this 
comparative study, the epitaxial nature enabled us to systematically 
investigate the correlation among crystal structures (as revealed by 
reciprocal lattice mapping, RSM), built-in electric fields (BIEF), and 
piezoelectric properties. To further clarify the electric-field-induced 
structural responses, we also employed bias-resolved in-situ SR-XRD. 
Building upon these insights, our study expanded to explore a wider 
spectrum of PZT layer configurations and correlated the piezoelectric 
responses with their crystal structures and BIEF. Through this compre
hensive approach, we aimed to generalize design parameters for effec
tively optimizing the piezoelectric performance of HL PZT thin films, in 
particular, on Si substrate for piezo-MEMS applications.

2. Experimental methods

Preparation of sol-gel derived epitaxial PZT thin films: Epitaxial PZT thin 

films with thicknesses of 1.0–1.4 μm were deposited on (001)SRO/Pt/ 
ZrO2/Si (KRYSTAL) using the sol-gel method. In this substrate structure, 
the SRO and Pt bottom stack is epitaxially grown on the underlying ZrO2 
buffer layer, which enables the epitaxial growth of the PZT films. Five 
types of precursor solutions were employed, namely, PZT30, PZT45, 
PZT52, PZT60, and PZT70, where the numbers represent the Zr fraction 
at the B-site (e.g., PZT52 corresponds to Zr/Ti = 52/48). Excess Pb was 
added to compensate for Pb evaporation during annealing. The solution 
concentration was adjusted to 15 wt%. The deposition process was as 
follows; the precursor solution was spin-coated onto the Si substrate, 
followed by pre-baking at 300 ◦C on a hot plate. This sequence was 
repeated to deposit two layers, forming one bilayer. Crystallization of 
each bilayer was carried out via rapid thermal annealing (RTA, Advance 
RIKO, MILA-5000) at 650 ◦C for 3 min. By controlling the composition 
and stacking sequence, PZT thin films with differed layer configurations 
were fabricated. A total of 12 PZT layers were deposited through six 
repetitions of the above process. The films are described according to the 
Zr contents of the first and second layers. For instance, HL45/60 refers to 
a film with the first layer of PZT45 and the second layer of PZT60. 
Among the HL PZT, in cases where the first and second layers had the 
same compositions, that is, films grown from a single PZT composition, 
they are hereafter referred to as single-composition-deposited (SCD) PZT 
thin films (e.g., HL52/52 is identical to SCD52). From the prepared 
films, three films with nearly identical average compositions (SCD52, 
HL60/45, and HL45/60) were selected for the initial comparison, and 
their layer configurations are illustrated schematically in Fig. 1. This 
schematic provides a structural reference for the subsequent analyses.

Compositional, crystal structure, and microstructural characterization: 
Compositional depth profiles of the PZT thin films were analyzed using 
X-ray photoelectron spectroscopy (XPS, ULVAC-PHI, Quantera-SXM). 
Crystal structures were evaluated by XRD (RIGAKU, MultiFlex) with 
CuKα radiation (λ = 1.54 Å). Out-of-plane measurements were carried 
out in θ/2θ mode, in-plane φ-scan measurements were conducted, and 
RSM images were obtained around the PZT(204)pc (where pc denotes 
the pseudocubic coordinate) reciprocal lattice node. For more precise 
analysis, SR-XRD was conducted at SPring-8, beamline BL46XU, using 
monochromatic X-rays (12.4 keV, λ = 1.0 Å). Bias-resolved in-situ 2θ-χ 
diffraction images were obtained under DC biases ranging from − 20 to 
0 V. These images were taken around the PZT(103)pc and PZT(004)pc 
reciprocal lattice nodes and were captured using a two-dimensional X- 
ray photon-counting pixel detector (DECTRIS, PILATUS3 × 300 K), 
while changing the incident angle ω. The resulting images were then 
converted to RSM images in Qz-Qx coordinates. For microstructural 
observation, scanning electron microscope (SEM, HITACHI, S-4100) was 
employed. Piezoresponse force microscopy (PFM) measurements were 
performed to probe the local electromechanical response at the film 
surface using an atomic force microscope (AFM, BRUKER, Dimension 
Icon) equipped with a lock-in amplifier. Both vertical and lateral PFM 
signals were collected.

Evaluation of dielectric, ferroelectric, and piezoelectric properties: To 
measure electric properties, dot-shaped Pt top electrodes with a diam
eter of 300 μm were deposited to form a metal-insulator-metal (MIM) 
structure. Dielectric properties were measured using an LCR meter (NF, 
ZM2372), and ferroelectric hysteresis curves were recorded using a 
ferroelectric tester (RADIANT, Multiferroic II) at 1 kHz. The converse 
piezoelectric properties were evaluated using the unimorph cantilever 
method, as described in our several past studies [22,35]. A schematic 
illustration is provided in Figure S1 (Supplementary material). Canti
levers were cut to dimensions of approximately 20 mm x 2 mm. Prior to 
the operation of cantilevers, poling process was implemented by 
applying either a positive or negative unipolar oscillation (1 kHz, 20 
Vpp) for 1 min using a function generator (NF, WF1943B) with an add-on 
power amplifier (NF, 4015), indicating that the poling was carried out 
through direct electrical contact. For the measurement of converse | 
e31,f|, both positive and negative unipolar oscillations ranging from 5 to 
20 Vpp were applied to the clamped cantilever using a function generator 
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(NF, WF1946A), and the resulting tip displacement was detected by a 
laser Doppler vibrometer (GRAPHTEC, AT1100).

3. Results and discussion

3.1. Impact of layer configuration on composition and crystallography in 
HL PZT thin films

Compositional depth profiles of SCD52, HL60/45, and HL45/60, 
obtained using XPS, are plotted in Fig. 2. The deposition history of every 
bilayers, along with the interfaces between bilayers where annealing for 
crystallization was implemented, is also illustrated. Although the Pb 
composition remained almost constant, fluctuations in the B-site ele
ments, Zr and Ti, were evident in all films along the thickness direction. 
In addition, bilayers deposited at earlier stages exhibited relatively 
blurred compositional changes at the interfaces, because of the diffusion 
of Zr and Ti elements during continuous annealing. For the composi
tional variations of other elements, refer to Figure S2.

In SCD52, Zr and Ti compositional gradients were observed within 
each bilayer, despite this film being nominally a single-composition 
stack. Specifically, a Ti-rich composition dominated the bottom of 
each bilayer, whereas a Zr-rich composition existed at the upper side. 
This phenomenon can be attributed to the crystallization of the Ti-rich 
composition, which is energetically favorable in the presence of het
erogeneous nucleation sites such as the substrate or a preceding bilayer 
[31,36]. At these sites, Ti-rich PZT nucleates at a relatively lower tem
perature or with a higher nucleation rate than Zr-rich PZT, resulting in 
the formation of compositional gradients within each bilayer. In 
contrast, in HL60/45, where the first layer was Zr-rich PZT60, the 
insufficient diffusion time for Ti elements from the PZT45 layer to reach 
the nucleation sites during crystallization resulted in a relatively ho
mogenized Zr and Ti compositional profile (gradient-free) compared to 
SCD52. Meanwhile, HL45/60 with PZT45 as the first layer, exhibited 

intensified Zr and Ti compositional gradients, manifesting a trend 
similar to that of SCD52. These results demonstrate that compositional 
distributions in sol-gel derived PZT thin films can be effectively tuned 
through PZT layer configuration control, and concurrently provide 
valuable insights into the underlying mechanisms of phase evolution.

The crystallographic characteristics of the sol-gel derived PZT thin 
films are depicted in Fig. 3, which presents RSM images around the PZT 
(204)pc reciprocal lattice node. To complement the RSM, the out-of- 
plane XRD patterns were taken (Figure S3(a)), verifying that the films 
were preferentially oriented along the [001]pc direction. The over
lapping (002) diffraction peaks suggest the coexistence of multiple 
phases or domain structures within the films. The in-plane φ-scan results 
(Figure S3(b)) showed clear four-fold symmetry, indicating well- 
defined in-plane crystallographic alignment of the films. Based on 
these observations, the RSM images in Fig. 3 provide a more detailed 
visualization of the crystal structures, confirming the epitaxial growth of 
the PZT thin films on Si substrates.

In our previous study, the diffraction patterns of SCD52 were iden
tified as originating from tetragonal (T) phase with a- and c-domains 
[28], hereafter referred to as a-T and c-T, respectively. However, the XPS 

Fig. 1. Schematic illustrations of sol-gel derived epitaxial PZT thin films: SCD52, HL60/45, and HL45/60. A total of 12 PZT layers were sequentially deposited along 
the thickness direction, with crystallization conducted by annealing after every two layers (i.e., each bilayer).

Fig. 2. Compositional depth profiles of SCD52, HL60/45, and HL45/60 obtained by XPS for Pb, Zr, and Ti. The deposition history and timing of crystallization for 
each bilayer are presented, as well. A sudden rise in Zr at the substrate corresponds to the ZrO2 seed layer used to promote the epitaxial growth of the (001)Pt bottom 
electrode. Full elemental profiles including O and Pt are available in Figure S2. The depth is represented by the sputtering time (min), which reflects the relative 
depth from the film surface.

Fig. 3. RSM images obtained from SCD52, HL60/45, and HL45/60 around the 
PZT(204)pc reciprocal lattice node.
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results in Fig. 2 clearly revealed the coexistence of Ti-rich and Zr-rich 
compositions within each bilayer, which cannot be fully explained by 
the presence of the T phase alone. Besides, as will be discussed later, a 
progressive transformation from the a-T to the rhombohedral (R) phase 
was confirmed as the Zr content in the second layer increased. Hence, it 
is reasonable to assign the two distinct diffraction spots observed in 
SCD52 to the Ti-rich c-T (bottom, with lattice constants of a = 4.096 Å 
and c = 4.102 Å), and to a combined contribution from a-T and Zr-rich R 
phase (upper, where the lattice constants are difficult to define), 
respectively. It is also worth mentioning that the T phase containing a-T 
and c-T in this study is associated with a mosaic microstructure, which 
manifests as a faintly elongated diffraction feature in RSM images [28]. 
Moreover, the vertically aligned diffraction spots found in SCD52 sug
gest that the in-plane lattice constants for all phases were nearly the 
same. Considering that the in-plane lattice constant of the c-T is inher
ently smaller than those of the a-T and R under stress-free conditions, 
this phenomenon is likely attributed to internal stress exerted along the 
in-plane directions: tensile stress on the c-T and compressive stress on 
the a-T and R. It is regarded that the alternately stacked phases imposed 
mutual strain along the in-plane direction, thereby giving rise to the 
vertically aligned features in the RSM image.

As discussed in Fig. 2, HL60/45 exhibited a gradient-free composi
tional profile along the thickness direction, indicating a nearly homo
geneous composition close to PZT52. This led to the formation of an 
almost purely R phase structure with a = 4.076 Å, as confirmed by the 
RSM image. A minor presence of mosaic T phase was also identified, as 
evidenced by a slightly elongated diffraction feature. However, the 
development of the T phase appeared too weak to be regarded as a 
distinct phase; rather, it is considered to reflect a locally formed lattice 
gradient within the dominant R phase. In this context, it can be inferred 
that the internal stress arising from lattice mismatch between coexisting 
phases, which was pronounced in SCD52, was effectively minimized in 
this film.

Regarding HL45/60, the presence of compositional gradients in Zr 
and Ti suggests that phase separation occurred via a mechanism similar 
to that of SCD52. Nevertheless, due to the altered layer configuration, 
the evolved crystal structure was a bit different from that of SCD52. Two 
distinct, vertically aligned diffraction spots were observed in the RSM 
image, corresponding to the Ti-rich c-T (bottom, with lattice constants of 
a = 4.088 Å and c = 4.110 Å) and the Zr-rich R phase (upper, a = 4.076 
Å). This argument could be backed up with the emergence of the R 
phase, arising from the transformation of a-T as the Zr content in the 
second layer increased, as previously discussed. Moreover, the diffrac
tion pattern associated with the mosaic structure was not found in 
HL45/60, indicating that the upper spot corresponds solely to the R 
phase. Meanwhile, the tetragonality of the bottom spot became more 
pronounced, as reflected in the decrease of the a-axis and increase of the 
c-axis compared to SCD52, which can be attributed to the enhanced Ti 
concentration at the bottom of each bilayer.

As a complementary observation, SEM images are provided in 

Figure S4 to examine the microstructural features of SCD52, HL60/45, 
and HL45/60. Any traces of mosaic structure and lattice gradient found 
in the RSM data were not resolved within the spatial resolution of SEM. 
The absence of secondary phases in the surface images confirmed the 
structural stability of the epitaxial thin films during crystallization. In 
addition, PFM measurements were conducted for these films, and the 
results are provided in Figure S5.

Overall, the XPS compositional distributions and RSM crystallo
graphic analyses revealed that the layer configuration directly in
fluences the resulting compositional gradients, which in turn govern the 
phase evolution during the crystallization process. This understanding is 
essential for engineering desired crystal structures, and its significance 
for functional properties will be discussed in subsequent sections.

3.2. Ferroelectric and piezoelectric properties under the influence of BIEF

Fig. 4 presents the polarization-electric field (P-E) hysteresis curves 
of the sol-gel derived epitaxial PZT thin films. These films exhibited clear 
ferroelectric switching behavior, without any notable differences among 
the three PZT film types. A slanted hysteresis shape was obtained from 
these films, which stemmed from a substantial paraelectric contribution 
to total polarization. This interpretation is supported by the exception
ally large dielectric constants, regardless of their compositional distri
bution or crystal structure. Although the exact origin of the large 
dielectric constants has not been fully addressed yet, the discontinuous 
growth mechanism inherent to sol-gel deposition is believed to play a 
key role. This growth behavior induced domain boundary formation not 
only within each bilayer, as discussed in the previous section, but also at 
the interfaces between bilayers. According to previous microscopic ob
servations, ferroelectric polarization tends to be greatly disordered at 
domain boundaries [37], making it reasonable to conclude that the large 
dielectric constants in the thickness direction were unavoidable in this 
study. Furthermore, a gradual polarization reversal was observed, due to 
the difficulty in domain-wall movements across bilayer interfaces.

Meanwhile, the hysteresis curves for SCD52 and HL60/45 man
ifested an imprint toward the negative direction, suggesting the pres
ence of a BIEF within the thin films. In contrast, a nearly centered 
hysteresis was observed for HL45/60. These results indicate that the 
stable polarization direction was downward (upward BIEF) for SCD52 
and HL60/45, and upward (downward BIEF) for HL45/60, which will be 
revisited in the following discussion.

To investigate the 31-mode piezoelectric responses of the PZT thin 
films, the converse |e31,f| was evaluated using the cantilever method 
under unipolar voltage oscillation, as shown in Fig. 5. In this study, both 
positive and negative unipolar oscillations were applied, since asym
metrical behavior in the converse |e31,f| is generally observed in 
epitaxial PZT thin films. For clarity, the converse |e31,f| measured under 
positive and negative unipolar oscillations are hereafter denoted as | 
e31,f|+ and |e31,f|− , respectively, while Δ|e31,f|+ and Δ|e31,f|− represent 
their respective variations across the 5–20 Vpp range. Under a positive 

Fig. 4. P-E hysteresis curves and dielectric constants measured for SCD52, HL60/45, and HL45/60 at 1 kHz.
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unipolar oscillation, HL60/45 exhibited the highest |e31,f|+ value of 13.5 
C m-2 at 20 Vpp, with a small Δ|e31,f|+ of 1.2 C m-2. In contrast, HL45/60 
recorded the lowest |e31,f|+ value of 11.2 C m-2. Conversely, when a 
negative unipolar oscillation of 20 Vpp was applied, HL45/60 showed 
the highest |e31,f|− of 15.9 C m-2, with a Δ|e31,f|− of 4.9 C m-2, while 
HL60/45 exhibited the lowest value of 12.9 C m-2. Specifically, both the 
|e31,f|− of 15.9 C m-2 for HL45/60 and |e31,f|+ of 13.5 C m-2 for HL60/45 
represent noteworthy advancements compared to our previous reports 
on both sputtered (14.0 C m-2) and sol-gel epitaxial PZT thin films (12.5 
C m-2) [16,28]. This is particularly significant considering the 
cost-effective and silicon-compatible sol-gel process, demonstrating our 
capability to achieve high performance while maintaining fabrication 
simplicity. Meanwhile, the asymmetric behaviors were further sup
ported by tip displacement measurements as a function of applied 
voltage (Figure S6). In both SCD52 and HL60/45, the voltages corre
sponding to the minimum displacements were asymmetric with respect 
to 0 V, with the negative voltage having a greater magnitude than the 
positive one, indicating the presence of an upward BIEF. On the other 
hand, HL45/60 exhibited nearly symmetric displacement minima, with 
comparable voltage magnitudes on both the positive and negative sides, 
implying a negligible BIEF. These results are well consistent with those 
from the P-E hysteresis curves in Fig. 4, where BIEFs were confirmed 
through 33-mode measurements.

Considering that HL60/45 was found to predominantly have an R 
phase based on the present XRD results, it is natural to say that this phase 
stabilized the upward BIEF. Such an upward BIEF could support effec
tive dipole alignment and reinforce the piezoelectric response even at 
relatively low applied voltages. As a result, HL60/45 achieved the 
highest |e31,f|+ value. By the same reason, its small Δ|e31,f|+ can be 
explained. On the contrary, the presence of the upward BIEF probably 
suppressed the response under negative unipolar oscillation, leading to 
reduced |e31,f|− and a relatively large Δ|e31,f|− .

In contrast, HL45/60 exhibited a negligible BIEF, indicating that the 
dipole moments originating from the minor R phase may have been 
cancelled by the dominant c-T phase. In this context, the c-T phase is 
presumed to induce a downward BIEF, and its proportion in the thin film 
is thought to serve as a barometer for the |e31,f|− . Accordingly, HL45/60 
showed the highest |e31,f|− among the three kinds of films. However, Δ| 
e31,f|− remained relatively large owing to the absence of a strong BIEF, 
unlike HL60/45 where the stable upward BIEF enabled a small Δ|e31,f|+.

SCD52 showed a phase fraction intermediate between HL45/60 and 
HL60/45, containing less c-T which is directly related to downward 
BIEF, than HL45/60 but more than HL60/45. As a result, its piezoelec
tric properties also fell between those of the two films, consistent with its 
moderate proportions of the a-T, c-T, and R phases.

3.3. In-situ structural analysis of intrinsic and extrinsic contribution to | 
e31,f|−

To investigate the structural mechanisms underlying the converse 
piezoelectric response in HL45/60, in-situ RSM images were acquired 
under applied DC bias ranging from − 20 to 0 V using SR-XRD. This 
technique is a powerful tool for precisely and directly dissecting the 
interplay of intrinsic and extrinsic contributions for piezoelectricity in 
real-time [28], being enabled by our high-quality epitaxial films. In this 
study, to minimize overlapping of diffraction spots from multiple pha
ses, the reciprocal lattice node around PZT(004)pc was selected, and 
visualized in Fig. 6(a). The lattice strain of the c-T and R phase along the 
[001]pc direction (ΔLc-T and ΔLR, respectively) was quantified relative to 
their lattice constants at 0 V. Besides, the fractional intensities, defined 
as Ic-T/(Ic-T + IR) and IR/(Ic-T + IR), where Ic-T and IR correspond to the 
diffraction intensities of the c-T and R, respectively, were calculated and 
plotted in Fig. 6(b). Note that the DC bias sequence was started from 
− 20 V to ensure that the dipole moments were aligned in the upward 
direction. Otherwise, dipoles that had been rotated to other directions in 
preceding measurements could cause underestimation at low DC bias 
levels.

As the applied DC bias increased from − 20 to 0 V, the RSM co
ordinates of diffraction spots for both c-T and R phase gradually shifted, 
indicating changes in the c-axis lattice constants. The maximum lattice 
strain appeared at − 20 V, where the c-axis lattice strains of the c-T and R 
reached 0.23% and 0.14%, respectively. These lattice expansions are 
attributed to intrinsic contributions to the converse piezoelectric 
response. Simultaneously, noticeable changes in diffraction intensities 
were also detected. The fractional intensity of the R phase decreased 
from 0.29 to 0.27, while that of the c-T increased from 0.71 to 0.73. This 
change in diffraction intensity suggests an electric-field-induced phase 
transformation from the R phase to the c-T. Because this phase trans
formation involves the motion of phase boundaries and structural 
reconfiguration, it is regarded as an extrinsic contribution to the 
converse piezoelectric response.

In our previous in-situ RSM study, SCD52 was shown to have coop
erative activation of intrinsic (lattice strain of c-T) and extrinsic (a-T to c- 
T domain switching) contributions under applied bias. This contrasted 
with PZT thin films that were predominantly governed by a single-type 
contribution (SCD45 by extrinsic a-T to c-T domain switching, and 
SCD60 by intrinsic R lattice strain) [28]. Owing to this cooperative 
activation, SCD52 was believed to exhibit better piezoelectric properties 
compared to SCD45 and SCD60. HL45/60 in this work, as mentioned 
above, also displayed the cooperative activation of both intrinsic (lattice 
strain of c-T and R) and extrinsic (R to c-T phase transformation) con
tributions, which was instrumental in achieving the |e31,f|− of 15.9 C 
m-2. Meanwhile, unlike SCD52 in which only the c-T among three 
coexisting phases (a-T, c-T, and R) was involved, the lattice strain of all 
existing phases (c-T and R) was clearly observed in HL45/60, leading to 
relatively large piezoelectricity. It is considered that the relieved mosaic 
structure in HL45/60 facilitated this lattice strain response, which is 
evidenced by the absence of lattice strain in mosaic-structured SCD45 
[28]. Based on these results, it is inferred that the participation of all 
phase components in lattice strain, responding more effectively to the 
applied bias, contributed to the superior piezoelectric performance in 
HL45/60.

3.4. Influence of layer configuration on phase evolution and piezoelectric 
behavior of HL PZT thin films

The findings discussed above clearly show that variations in crystal 
structure, driven by modified compositional gradients, played a critical 
role in determining the piezoelectric responses of HL PZT thin films, 
depending on the direction of the applied unipolar oscillation. To gain a 
more comprehensive understanding of this behavior, we further inves
tigated a wide range of PZT layer configurations. The ranges of |e31,f| 

Fig. 5. Converse |e31,f| observed from SCD52, HL60/45, and HL45/60 under 
both positive and negative unipolar oscillations in the 5–20 Vpp range. Asym
metric behaviors between |e31,f|+ and |e31,f|− are clearly shown.
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values under both positive and negative unipolar oscillations are sum
marized in Figure S7, illustrating how the layer configuration influences 
piezoelectric performance.

Fig. 7 provides RSM images of PZT thin films investigated in this 
study. These images help clarify how differences in layer configuration 
give rise to distinct crystal structures. Based on the RSM results, the HL 
PZT thin films were classified into four crystal structural categories, 
depending on the compositions of the first and second layers: (i) α-PZT, a 
T structure containing both a- and c-domains, with a-T being dominant 
and featuring a mosaic microstructure. This type appeared when both 

layers were Ti-rich; (ii) β-PZT, a mixed-phase structure composed of c-T 
and R, with c-T being dominant, observed when the first layer was Ti- 
rich and the second Zr-rich; (iii) γ-PZT, mostly R accompanied by a 
locally formed lattice gradient, found when the first layer was Zr-rich 
and the second layer Ti-rich; and (iv) δ-PZT, a mixture of R and pseu
docubic (PC) phases, occurring when both layers were Zr-rich. In sol-gel 
derived PZT thin films, such mixed-phase structures are quite natural, 
because of the inherent difficulty of achieving perfect miscibility along 
film thickness. Also, it deserves to mention that the thin films located 
near the boundaries between structural categories often showed inter
mediate features that reflect characteristics from both adjacent regions.

Besides, P-E hysteresis curves are exhibited in Figure S8, from which 
the direction of BIEF in each film can be inferred. In Figure S7, the BIEF 
direction is denoted by plus and minus signs, indicating upward and 
downward direction, respectively, while a nearly neutral BIEF is rep
resented by a 0. Based on the results, the piezoelectric responses of the 
HL PZT thin films are elucidated as follows according to their layer 
configurations.

Regarding the HL30/x series (x = 30, 60, and 70), a clear transition 
in the constituent crystal structure was observed. Initially, HL30/30, 
which is identical to SCD30, exhibited a diffraction pattern character
istic of the α-PZT, as discussed in our previous study [28]. However, 
when the second layer composition became Zr-rich (as in HL30/60 and 
HL30/70), the structure evolved into β-PZT. This transition was 
accompanied by the emergence of a downward BIEF, likely due to 
increased contribution of the c-T to the piezoelectric response. As a 
result, the value of |e31,f|− increased, while |e31,f|+ decreased. Moreover, 
the Δ|e31,f|+ values in the HL30/x series were comparable to or even 
exceeded those of Δ|e31,f|− , and were significantly larger than those 
found in other series.

The HL45/x series (x = 45, 52, 60, and 70) followed a similar 
transition mechanism. HL45/45 (SCD45) was governed by the α-PZT, 
which diminished in HL45/52 as it became a β-PZT-like intermediate. 
Due to the strong influence of the α-PZT, still the upward BIEF was 
maintained in these films, causing small Δ|e31,f|+ and large Δ|e31,f|−

values. When the Zr content in the second layer reached 60 (HL45/60), 
despite the crystal structure being nearly β-PZT, the BIEF tended toward 
neutrality, as discussed earlier. Beyond this point, the influence of α-PZT 
vanished, giving rise to a macroscopic downward BIEF. This led to 
relatively smaller Δ|e31,f|− compared to SCD45 and HL45/52.

The HL52/x series (x = 45 and 52) also experienced the transition 
from α-PZT to β-PZT, under the growing influence of γ-PZT, as the Zr 
content in the second layer increased. The RSM image of HL52/45 re
flected an intermediate between α- and γ-PZT, and HL52/52 (SCD52) 
exhibited an intermediate among the α-, β-, and γ-PZT crystal structure 
categories. In the HL60/x series (x = 45 and 60), the Zr-rich first layer 
promoted the formation of γ-PZT. As previously described, the 

Fig. 6. (a) Bias-resolved in-situ RSM images acquired from HL45/60 around the PZT(004)pc reciprocal lattice node under applied DC bias. (b) Fractional intensity and 
lattice strain of the c-T and R, calculated from the RSM images in (a). The lattice strain were quantified relative to their lattice constants at 0 V. These data offer an 
insight into the intrinsic and extrinsic contributions to the converse piezoelectric effect.

Fig. 7. RSM images collected for a wide range of HL PZT thin films, showing 
structural evolution with respect to the PZT layer configuration. Four crystal 
structural categories were defined depending on the compositions of the first 
and second layers. Here, diffraction patterns around the PZT(103)pc and PZT 
(004)pc reciprocal lattice nodes were obtained using SR-XRD (λ = 1.0 Å). RSM 
images for SCD45, SCD52, and SCD60 were taken from our previous work [28].
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compositional gradient was not present in HL60/45, resulting in a single 
R phase with lattice gradient. HL60/60 (SCD60) and HL70/x (x = 70, 
SCD70) were categorized as δ-PZT, in which the PC was considered to 
have negligible influence on the piezoelectric response [28]. In the case 
of HL52/x, HL60/x, and HL70/x, the R phase played an important role 
in stabilizing dipole alignment, and enabled the construction of an up
ward BIEF. This stabilization led to large |e31,f|+ values, with the Δ| 
e31,f|+ much smaller than Δ|e31,f|− . However, the maximum |e31,f|− in 
some films were found to be comparable to or even larger than the 
maximum |e31,f|+. Although the exact mechanism has not been figured 
out yet, this behavior may be related to the relatively homogeneous 
compositional distribution in these films.

To provide a clear comparison, Fig. 8 summarizes the converse |e31,f| 
values obtained from the sol-gel derived epitaxial PZT thin films, along 
with the phase types determined by RSM and the direction of BIEF. For 
each film, only the |e31,f| value aligned with the BIEF direction is plotted. 
In cases where the BIEF was nearly neutral, both |e31,f|+ and |e31,f|− are 
presented.

When a compositional gradient promoted the development of mainly 
Ti-rich c-T along with Zr-rich R resulting in the formation of β-PZT, a 
downward or neutral BIEF appeared. A similar downward tendency was 
also reported for sol-gel derived textured PZT films, where the separa
tion of Ti-rich and Zr-rich regions formed under a compositional 
gradient was associated with stabilized downward internal fields [5], 
although the detailed phase identification was not resolved. The 
downward BIEF led to |e31,f|− values exceeding |e31,f|+ in this study. 
Notably, HL45/60 exhibited the highest |e31,f|− of 15.9 C m-2 at 20 Vpp, 
where both intrinsic lattice strain and extrinsic phase transformation 
contributed cooperatively. This remarkable response can be attributed 
not only to the cooperative mechanism but also to its favorable phase 
balance near the MPB. Interestingly, HL30/70 also shares an average 
composition close to the MPB. However, it displayed a relatively low | 
e31,f|− compared to HL45/60. This contrast is perhaps due to intensified 
phase separation in HL30/70, which disrupted the phase synergy typi
cally expected near the MPB. This phenomenon emphasizes that, while 
the MPB proximity is undoubtedly important, sophisticated phase tun
ing is equally critical for maximizing piezoelectric response.

Meanwhile, when β-PZT was not the dominant phase, a macroscopic 
upward BIEF was stabilized. Note that the present dataset did not clarify 
the microscopic origin of this upward BIEF, and it was therefore 
described in this study simply as an experimentally observed upward 
field. Among the films in this group, the HL52/x and HL60/x series, 
characterized by R-dominant phases and relatively small compositional 
gradients, exhibited high |e31,f|+values. Especially, HL60/45 had the 
highest value of 13.5 C m-2 at 20 Vpp. Its nearly gradient-free composi
tional profile suppressed phase separation throughout the thickness 

direction, leading to an almost homogeneous R-phase structure that 
contributed to the strong piezoelectric response. The proximity to the 
MPB also played an important role, as discussed in the case of negative 
unipolar oscillation. This observation is in good agreement with a pre
vious report on sol-gel derived polycrystalline PZT films, which 
emphasized that minimizing compositional gradients improved piezo
electric properties [38].

4. Conclusion

Despite their nearly identical average compositions, the comparative 
study on SCD52, HL60/45, and HL45/60 revealed substantial differ
ences in piezoelectric performance. HL60/45 exhibited the highest | 
e31,f|+ value of 13.5 C m-2 under positive unipolar oscillation, whereas 
HL45/60 showed the highest |e31,f|− value of 15.9 C m-2 under negative 
unipolar oscillation. Meanwhile, SCD52 yielded intermediate responses 
in both directions. These results clearly suggest that even when the 
average composition is fixed, the layer configuration critically makes an 
impact on piezoelectric behavior.

Importantly, our in-situ bias-resolved RSM study elucidated the 
structural mechanism responsible for the enhanced piezoelectricity in 
HL45/60, which arises from the cooperative activation of both intrinsic 
(lattice strain of c-T and R) and extrinsic (R to c-T phase transformation) 
contributions. Notably, all existing phase components (c-T and R) in 
HL45/60 actively contributed to lattice strain response, unlike SCD52 
where only the c-T among its three coexisting phases (a-T, c-T, and R) 
was active [28]. This comprehensive participation of all phases is 
inferred to be a key factor in enhancing the piezoelectric performance in 
HL45/60.

Further investigation into a broader range of HL PZT thin films 
offered a comprehensive understanding of how the layer configuration 
influences the crystal structure and BIEF direction, and eventually de
termines the piezoelectric behavior. In this study, the PZT thin films 
were systematically categorized into four structural types: α, β, γ, and δ, 
each possessing peculiar crystallographic features that account for their 
respective BIEF directions. Thin films dominated by β-PZT, typically 
accompanied by relatively large compositional gradients and a down
ward BIEF, tended to exhibit stronger |e31,f|− responses. By contrast, 
γ-PZT dominant films with suppressed compositional gradients and an 
upward BIEF resulted in enlarged |e31,f|+. It should also be emphasized 
that the most enhanced piezoelectric responses in both positive and 
negative unipolar oscillation were realized in films with average com
positions near the MPB. i.e., HL60/45 and HL45/60, respectively. In 
summary, the diversity in piezoelectric responses highlights the unique 
advantage of the sol-gel derived epitaxial PZT thin films, particularly 
their capability for flexible layer configuration design. By tuning the 

Fig. 8. Comprehensive summary of converse |e31,f| values plotted against the PZT layer configuration. Structure type and BIEF direction are included, as well. Only 
the |e31,f| aligned with the BIEF direction is shown, while both |e31,f|+ and |e31,f|− are given for films with neutral BIEF (e.g., SCD30 and HL45/60). Orange and blue 
bars denote |e31,f|+ and |e31,f|− , respectively.
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layer configuration, it becomes possible to optimize the piezoelectric 
performance for a desired operational mode, whether under positive or 
negative unipolar oscillation.
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