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Preface to “Nanoscale Ferroic

Materials—Ferroelectric, Piezoelectric, Magnetic, and

Multiferroic Materials”

Ferroic materials, including ferroelectric, dielectric, piezoelectric, magnetic, and multiferroic

materials, have broad applications in current modern society. Based on their rich physics and the

related properties, ferroic materials can have applications for different purposes. For example, based

on the switching of domain, ferroelectric and magnetic materials can be used for information storage.

Based on the piezoelectric property, piezoelectric materials can be used as sensor/actuator/energy

harvesters. Based on the coupling of magnetic order and ferroelectric order, multiferroic materials

can have applications as magnetic field sensors and for information storage with the advantages of

high storage density and low power consumption. Recently, nanoferroic materials have found new

applications based on their ferroic property (low dimension limited size effect) and high surface area,

such as photocatalysis.

In this scenario, the present book offers novel research insights recently published as a part of

the Nanomaterials Special Issue “Nanoscale Ferroic Materials—Ferroelectric, Piezoelectric, Magnetic,

and Multiferroic Materials”, with the aim to collect the most recent advances on nanoscale ferroic

materials as well as their possible practical uses in different fields of interest.

Zhenxiang Cheng, Changhong Yang, and Chunchang Wang

Editors
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Editorial

Editorial for the Special Issue “Nanoscale Ferroic
Materials—Ferroelectric, Piezoelectric, Magnetic, and
Multiferroic Materials”

Changhong Yang 1, Chunchang Wang 2 and Zhenxiang Cheng 3,*

1 Shandong Provincial Key Laboratory of Preparation and Measurement of Building Materials,
University of Jinan, Jinan 250022, China

2 Laboratory of Dielectric Functional Materials, School of Materials Science & Engineering, Anhui University,
Hefei 230601, China

3 Institute for Superconducting and Electronic Materials, Australian Institute of Innovative Materials,
Innovation Campus, University of Wollongong, Squires Way, North Wollongong, NSW 2500, Australia

* Correspondence: cheng@uow.edu.au

Ferroic materials, including ferroelectric, piezoelectric, magnetic, and multiferroic
materials, are receiving great scientific attentions due to their rich physical properties. They
have shown their great advantages in diverse fields of application, such as information
storage, sensor/actuator/transducers, energy harvesters/storage, and even environmental
pollution control. At the same time, nanostructure has assumed an increasing importance as
the key to the miniaturization of solid-state electronics, decrease of the power consumption,
and reduction of production cost. At present, ferroic nanostructures have been widely
acknowledged to advance and improve currently existing electronic devices, as well as to
develop future ones.

This Special Issue, comprising ten research articles, covers the characterization of crys-
tal and microstructure, the design and tailoring of ferro/piezo/dielectric, magnetic, and
multiferroic properties, and the presentation of related applications. These papers present
various kinds of nanomaterials, such as the ferroelectric/piezoelectric thin films, i.e., PM-
NPT, BiFeO3, BiOCl/NaNbO3, CH3NH3PbI3, Hf0.5Zr0.5O2, and CuInP2S6; dielectric stor-
age thin film, i.e., Ba0.5Sr0.5TiO3/0.4BiFeO3-0.6SrTiO3, Bi(Fe0.93Mn0.05Ti0.02)O3-CaBi4Ti4O15
solid solution; dielectric gate layer, i.e., Sm2O3/Al2O3/InP; and magnonic metamateri-
als, i.e., ferromagnet/heavy metal bilayer. These nanomaterials are expected to have
applications in ferroelectric non-volatile memory, ferroelectric tunneling junction memory,
energy-storage pulsed-power capacitor, metal oxide semiconductor field-effect-transistor
device, humidity sensor, environmental pollutant remediation, and spin-wave devices. The
purpose of this Special Issue is to communicate the recent developments in the research
of nanoscale ferroic materials. In the following part, we present a brief overview of the
published articles and hope to provide a useful resource for potential readers.

Aiming at obtaining ferroelectric thin films with strong polarization feature, effective
methods of chemical doping and regulating the preparation process are applied. Kim
et al. fabricated Hf0.5Zr0.5O2 thin films via plasma-enhanced atomic layer deposition. A
high remanent polarization with 2Pr of 38.2 μC/cm2 and an excellent fatigue endurance of
2.5 × 107 cycles were obtained by regulating the deposition temperature, post-annealing
temperature and RF plasma discharge time [1]. Among the studies about HfxZr1-xO2, the
work in this study showed relatively good remanent polarization and fatigue endurance
performances despite being under the lowest deposition temperature. Feng et al. [2] focus
their work on the effects of annealing temperature and Fe-doping concentration on the
crystallinity, microstructure, ferroelectric and dielectric properties of PMN-PT thin films.
2% Fe-doped PMN-PT thin film annealed at 650 ◦C exhibits high (111) preferred orientation,
high remanent polarization (Pr = 23.1 μC/cm2) and low coercive voltage (Ec = 100 kV/cm).

Nanomaterials 2022, 12, 2951. https://doi.org/10.3390/nano12172951 https://www.mdpi.com/journal/nanomaterials1
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BiFeO3 thin films were doped with Sm by Wang et al. [3]. They discussed the changes of
electrical characteristics in terms of phase transition and oxygen vacancies.

Van der Waals (vdW) layered ferroelectric materials have become a promising research
branch in condensed matter physics. As the main factor affecting the ferroelectric property
is the strong depolarization in ultrathin ferroelectric film, herein, Jia et al. [4] investigated
the ferroelectric and piezoelectric properties at different thicknesses. Furthermore, the
constructed Pt/CuInP2S6/Au ferroelectric tunnel junction with a 2 nm-thick functional
layer has superior continuous current modulation and self-rectification functions.

In recent years, ferroelectric energy storage thin film is emerging as a key enabler
for advanced pulsed power systems. However, such applications are hindered by the
low energy storage density and small efficiency, so some strategies need to be explored
to further improve its energy storage performance. Wang et al. [5] design a multilayer
structure of Ba0.5Sr0.5TiO3/0.4BiFeO3-0.6SrTiO3 on flexible mica substrate. A good balance
between energy density and efficiency can be reached by utilizing the interface engineering.
In addition, the authors describe a cost-effective and facile fabrication of flexible ferroelec-
tric thin films. The energy storage performance of bismuth layer-structured ferroelectric
(BLSF) compounds of CaBi4Ti4O15 modified by Bi(Fe0.93Mn0.05Ti0.02)O3 was studied by
Liu et al. [6]. In their work, Bi(Fe0.93Mn0.05Ti0.02)O3 played a very important role in enhanc-
ing the polarization and optimizing the shape of ferroelectric hysteresis loop.

Magnetic metamaterials are deemed to be a promising candidate as a high-quality
information carrier. Since the graded magnonic refractive index can be created by modifica-
tion of the material properties, Zhuo et al. [7] theoretically propose a ferromagnet/heavy
metal bilayer magnonic metamaterial, and modulate the refractive index of spin waves
with the inhomogeneous Dzyaloshinskii–Moriya interaction (DMI). The authors further
study spin-wave refraction and reflection at the interface between two magnetic media
with different DMI and build a generalized Snell’s law of spin waves.

Last but not least, three papers of this Special Issue address the applications involving
piezoelectric photocatalyst, humidity sensor, and metal oxide semiconductor. Piezoelectric
catalysis is an efficient and environmentally friendly dye degradation method. Li et al. [8]
synthesized the BiOCl/NaNbO3 piezoelectric composites, and investigated the mechanism
of piezocatalysis, photocatalysis, and their synergy effect of BN-3 composite. This work
provides a new strategy to improve the environmental pollutant remediation efficiency of
piezoelectric composites. Perovskites with the formula of AMX3 have a potential use for
probes for sensing of humidity due to the heavy dependence of electrical characteristics
on environmental moisture. Therefore, Zhao et al. [9] carried out relevant research on
the humidity sensitivity of CH3NH3PbI3 perovskite. The CH3NH3PbI3-based humidity
sensor shows the excellent humidity sensitive properties, and the authors ascribed it to
water-molecule-induced enhancement of the conductive carrier concentration. As the
COMS feature sizes continue to decrease, it is urgent to use a high-k material to replace the
current SiO2 gate dielectrics. Lu et al. [10] systematically investigated the effect of atomic
layer deposition-derived laminated interlayer on the interface chemistry and transport
characteristics of sputtering-deposited Sm2O3/InP gate stacks. They demonstrated that
Sm2O3/Al2O3/InP stacked gate dielectric is a promising candidate for InP-based metal
oxide semiconductor field-effect-transistor devices in the future.

In this Special Issue, the range of themes addressed is certainly not exhaustive. With
the scope of application of nanostuctured ferroic materials broadening rapidly, further
developments on the aspects of theoretical simulation, synthetic technique, advanced
characterization, and multi-functional combination are expected.

Author Contributions: C.Y. wrote this editorial letter. Z.C. and C.W. provided their feedback,
which was assimilated into the letter. All authors have read and agreed to the published version of
the manuscript.
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Effect of Process Temperature on Density and Electrical
Characteristics of Hf0.5Zr0.5O2 Thin Films Prepared by
Plasma-Enhanced Atomic Layer Deposition

Hak-Gyeong Kim, Da-Hee Hong, Jae-Hoon Yoo and Hee-Chul Lee *

Department of Advanced Materials Engineering, Korea Polytechnic University, Siheung 15073, Korea;
hakkyung5280@hanmail.net (H.-G.K.); ghdekgml9768@naver.com (D.-H.H.); dbwogns96@gmail.com (J.-H.Y.)
* Correspondence: eechul@kpu.ac.kr

Abstract: HfxZr1−xO2 (HZO) thin films have excellent potential for application in various devices,
including ferroelectric transistors and semiconductor memories. However, such applications are
hindered by the low remanent polarization (Pr) and fatigue endurance of these films. To overcome
these limitations, in this study, HZO thin films were fabricated via plasma-enhanced atomic layer
deposition (PEALD), and the effects of the deposition and post-annealing temperatures on the
density, crystallinity, and electrical properties of the thin films were analyzed. The thin films obtained
via PEALD were characterized using cross-sectional transmission electron microscopy images and
energy-dispersive spectroscopy analysis. An HZO thin film deposited at 180 ◦C exhibited the highest
o-phase proportion as well as the highest density. By contrast, mixed secondary phases were observed
in a thin film deposited at 280 ◦C. Furthermore, a post-annealing temperature of 600 ◦C yielded
the highest thin film density, and the highest 2Pr value and fatigue endurance were obtained for
the film deposited at 180 ◦C and post-annealed at 600 ◦C. In addition, we developed three different
methods to further enhance the density of the films. Consequently, an enhanced maximum density
and exceptional fatigue endurance of 2.5 × 107 cycles were obtained.

Keywords: HZO; PEALD; ferroelectric memory; deposition temperature; film density; remanent
polarization; fatigue endurance

1. Introduction

Since the report of ferroelectric behavior in HfO2-based thin films, studies have been
conducted on HfO2 thin films doped with different elements. Particularly, HfxZr1−xO2
(HZO) thin films, which exhibit ferroelectricity even at thicknesses of a few nanometers,
have gained increasing attention [1]. Among the diverse types of available ferroelectric
materials, metal oxides have attained considerable technological importance owing to their
compatibility with current complementary metal–oxide–semiconductor (CMOS) technol-
ogy as well as large-scale integration. Therefore, active research has been underway for
the application of HZO thin films to a variety of devices such as ferroelectric transistors,
synapse devices, and ferroelectric tunneling junctions [2–6].

For the practical application of HZO thin films to semiconductor memories, it is
necessary to overcome the issues of remanent polarization (Pr) and fatigue endurance.
Pb(Zr,Ti)O3-based materials having the crystal structure of perovskites, which are ferro-
electric materials that have been studied extensively, exhibit a low wake-up effect, and
show stable characteristics with exceptional fatigue endurance over 1010 cycles [7–9]. In
this context, studies on improving the properties of HZO have been actively underway.
In particular, research on the effects of crystal structure, oxygen defects inside thin films,
grain size, and interface engineering using electrodes on changes in electrical properties
has been mainly reported [10–14]. HZO thin films have a variety of crystalline phases such
as tetragonal (t-, P42/nmc), monoclinic (m-, P21/c), and orthorhombic (o-, Pca21) phases,

Nanomaterials 2022, 12, 548. https://doi.org/10.3390/nano12030548 https://www.mdpi.com/journal/nanomaterials5
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of which the o-phase exhibits ferroelectric properties. However, the m-phase has been
generally reported to be the stable phase of HZO [10,15], and research has been conducted
to achieve a high ratio and stability of the o-phase in HZO films [16–18].

For HZO deposition, thermal atomic layer deposition (THALD) is mainly used. More-
over, there has been insufficient investigation on the properties of HZO thin films deposited
by plasma-enhanced atomic layer deposition (PEALD) [19]. PEALD is capable of the
high-density deposition of thin films and has the advantage of enabling low-temperature
deposition [20–22]. The regions wherein the o-, t-, and m-phases of HZO are formed
vary depending on grain size and temperature. Therefore, density improvement in the
deposition process is expected through the stabilization of the o-phase and increasing the
grain size through low-temperature deposition using PEALD [10,23]. In addition, to the
best of the authors’ knowledge, there is no report on the relationship between the PEALD
process temperature and changes in the electrical properties with respect to HZO density.

In this study, the initial process conditions for fabricating PEALD HZO thin films were
set according to the deposition temperature, and the effect of the deposition temperature
on the density and crystallinity of the thin films was analyzed. In addition, the optimal
conditions for fabricating HZO thin films by PEALD were derived by examining the thin
film density and crystallinity according to the post-annealing temperature. Furthermore,
the effects of the variation of the HZO thin film density with the process temperature
on the crystallinity of the o-phase exhibiting ferroelectricity, as well as on the electrical
characteristics such as polarization hysteresis loops (P-E loops) and fatigue endurance,
were investigated. Finally, process improvement methods for obtaining HZO thin films
with high density and excellent electrical properties at a low deposition temperature of
100 ◦C were determined, and the results were comparatively analyzed.

2. Materials and Methods

2.1. HZO Thin Film Deposition by PEALD

For HZO thin film deposition, a substrate comprising a 50 nm TiN bottom electrode
deposited on a SiO2(100 nm)/Si wafer was used. HZO thin film deposition was performed
by PEALD (iOV-dx2, iSAC research, Hwaseong, Korea) using the experimental setup illus-
trated in Figure 1, and tetrakis(ethylmethylamido)-hafnium (TEMA-Hf, iChems, Hwaseong,
Korea) and tetrakis(ethylmethylamido)-zirconium (TEMA-Zr, iChems, Hwaseong, Korea)
were used as the precursors of HfO2 and ZrO2, respectively. To fabricate the HZO thin
films, HfO2 and ZrO2 were alternately deposited in a 1:1 ratio, and this cycle was repeated
until a thin film with a thickness of 10 nm was obtained. To obtain an optimal HZO thin
film, deposition was performed in a temperature range of 100 to 280 ◦C. O2 gas was in-
jected as a reactant, and oxidation was induced through a 200 W plasma discharge to form
oxides. The detailed PEALD process conditions are outlined in Table 1. To prepare the top
electrode for the evaluation of the electrical properties, a shadow mask was used, and a
TiN electrode with a diameter of 200 μm was deposited at a thickness of 50 nm by reactive
sputtering. Next, as shown in Table 2, crystallization of the HZO thin films was performed
by post-annealing using rapid thermal annealing (RTA). Post-annealing was performed for
30 s in a temperature range of 500 to 700 ◦C in a nitrogen ambient of 5 Torr.

2.2. Characterization of HZO Thin Films

The thickness and refractive index of the deposited single oxides of HfO2 and ZrO2
and the HZO thin films were evaluated using an ellipsometer (Elli-SE, Ellipso technology,
Suwon, Korea). The shape of the thin film cross-section and the elemental composition were
analyzed using transmission electron microscopy (TEM) (NEO ARM, JEOL, Tokyo, Japan)
and energy-dispersive spectroscopy (EDS) (JED-2300T, JEOL, Tokyo, Japan), respectively.
The crystalline structure of the HZO thin films was measured by high-resolution X-ray
diffraction (HR-XRD) (Smartlab, Rigaku, Tokyo, Japan) in Bragg–Brentano geometry, and
the density of the thin film was calculated through X-ray reflectometry (XRR) analysis on
the same instrument. Electrical properties such as the P-E curve and fatigue endurance of
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the thin film were evaluated using a TF analyzer (TF-2000E, aixACCT, Aachen, Germany)
connected to a microprobe station (APX-6B, WIT, Suwon, Korea). Hysteresis loop mea-
surements were performed at a frequency of 1 kHz with a triangle pulse of ±3 V. Fatigue
endurance measurements were conducted by the continuous application of a square pulse
of ±3 V at 10 kHz along with a 1 kHz triangle pulse that was applied five times at each
time point to measure remnant polarization.

Figure 1. Schematic of PEALD setup used in this study.

Table 1. Conditions of HZO thin film deposition by PEALD and processes constituting one cycle.

Deposition Temperature
Maintenance Gas Flow

Pressure

100−280 ◦C
600 sccm
1.3 Torr

 

 
3 s 
Ar 

200 sccm 
Source 

 

 20 s 30 s Purge 

 

 
4 s 
O2 

150 sccm 
O2 

 2 s 
200 W 

RF 
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Table 2. Conditions for rapid thermal annealing of HZO thin films after TiN top electrode deposition.

Annealing Temperature
Ambient
Pressure

500−700 ◦C
N2 Atmosphere

5 Torr
 

300 °C 

500 °C 

500–700 °C 

20 s 20 s 20 s 20 s 20 s 30 s 
 Furnace
 cooling 

3. Results and Discussion

Prior to the start of HZO thin film deposition, the growth conditions of single thin
films of HfO2 and ZrO2 were confirmed. Each thin film showed self-limiting behavior
when the source was injected for more than 2.5 s in the previous experiment. Accordingly,
as shown in Table 1, the injection time of the source was set to 3 s to allow sufficient
time. Figure 2 presents the results of analyzing the change in growth per cycle (GPC) and
refractive index according to the number of cycles at various substrate temperatures. The
results of GPC illustrated in Figure 2a,b show that the deposition thickness value is high in
the initial cycles (that is, 10 cycles or less). This phenomenon is due to an overestimated
measurement error that occurred during the planarization process because of the native
roughness and curvature of the substrate at the initial stage; after 10 cycles, the thickness is
almost constant regardless of temperature [24,25]. Furthermore, from the refractive index
results shown in Figure 2c,d, a trend of change in the refractive index according to the
number of cycles can be observed. Notably, the refractive index approaches 2.0 and 2.1,
the bulk refractive index values of HfO2 and ZrO2, respectively, with an increase in the
number of cycles at the different substrate temperatures. All the thin films deposited at
100 ◦C had a low refractive index, and the difference was particularly pronounced in the
case of the ZrO2 thin film. It can be inferred from the Lorentz–Lorenz relation that the thin
film density decreased at low deposition temperatures [26]. Based on the results in Figure 2,
HfO2 and ZrO2 were deposited at rates of 0.123 nm and 0.112 nm per cycle, respectively, at
the deposition temperature of 180 ◦C. The two materials were alternately deposited in each
cycle, repeating the process 42 times, resulting in a Hf0.5Zr0.5O2 thin film with a thickness
of approximately 10 nm.

Figure 3a is a cross-sectional image obtained by the high-resolution TEM (HR-TEM) of
a PEALD HZO thin film that was deposited at 180 ◦C and underwent post-annealing at
600 ◦C. The thickness of the thin film was approximately 10 nm, and an o-phase crystalline
structure was mainly observed. The disappearance of the o-phase structure near the
interface is thought to be because of interface instability due to TiN diffusion [13,27].
Figure 3b shows the EDS-based elemental composition profiles of the same thin film, and
it can be observed that some of the Ti and N atoms diffused into the HZO thin film. In
addition, nitrogen and carbon contamination was observed inside the HZO thin film owing
to the TEMA precursors. In particular, the carbon contamination was considerable; herein,
carbon is considered to be a residual impurity because the precursor is not completely
decomposed during deposition [27–30]. Figure 3c shows the change in the XRD patterns
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of the PEALD HZO thin films according to the deposition temperature in the substrate
temperature range of 100–280 ◦C. The peaks at 28.5 ◦ and 31.6 ◦ represent the m-phase,
and the peaks at 30.5 ◦ and 35.4 ◦ represent the (111) and (200) planes of the o-phase [16].
At all deposition temperatures, the proportion of o-phase was greater than that of the m-
phase, and it can be observed that the phase transformation to the o-phase was successfully
achieved during the post-annealing at 600 ◦C. The intensity of the XRD peak corresponding
to the o-phase was the highest at 180 ◦C, and it decreased as the deposition temperature
decreased or increased further. In particular, in the case of deposition at a high temperature
of 280 ◦C, secondary phases such as the m-phase were included.

Figure 2. Changes in the (a,b) growth per cycle (GPC) and (c,d) refractive index of HfO2 and ZrO2

single thin films according to the number of cycles at different substrate temperatures.

 
Figure 3. (a) Cross−sectional high−resolution TEM (HR−TEM) image and (b) EDS composition
cross-sectional profile and (c) XRD pattern change with respect to substrate temperature in the range
of 100–280 ◦C for PEALD HZO thin films deposited at 180 ◦C.

9
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Figure 4a presents the XRR data of the HZO thin film deposited at 180 ◦C, and the
inset graph corresponds to raw data showing the reflectivity according to the X-ray incident
angle. The density of the thin film is calculated based on the initial angle at which the
reflectivity decreases. The thickness of the thin film is simulated through the oscillation
period, and the thickness and the density of the deposited thin films constituting the
sample can be calculated as shown in the outer graph. Figure 4b outlines the density
change according to the substrate temperature of the PEALD HZO thin film obtained by
this method. The density of the thin film was the highest (8.18 g/cm3) at the substrate
temperature of 180 ◦C. This density exceeds the theoretical density of HZO [31]. In a
multilayered structure, the density of each thin film is calculated by the reflectivity at each
interface, but an error may occur if the thin film is too thin or the interface is not distinct. In
this study, the deposited thin films were compared according to calculated density.

 
Figure 4. (a) XRR data of PEALD HZO thin film deposited at 180 ◦C and (b) HZO thin film density
according to substrate temperature in the range of 100–280 ◦C.

The density gradually decreased as the deposition temperature decreased or increased
further. This trend is consistent with that of the o-phase peak intensity, as observed in
the XRD patterns in Figure 3c. The decrease in density at low and high temperatures can
be explained by the equation of Langmuir’s adsorption isotherm [32]. θ, the fraction of
the surface covered by the absorbate, can be expressed as a function of time as shown
in Equation (1).

dθ

dt
= γaPi(1 − θ)− γdθ (1)

Here, γa denotes the adsorption coefficient, γd is the desorption coefficient, and
Pi is the pressure. Here, the adsorption coefficient and the desorption coefficient are
exponentially proportional to the temperature with respect to the activation energy required
for adsorption and desorption, respectively.

I f
dθ

dt
= 0 (equilibrium), θ =

Pi
Pi + γd/γa

(2)

Based on the assumption that the same pressure process applies in an equilibrium state
where the adsorption rate becomes 0, if Pi is set to a constant value, the equilibrium value
of θ is highly dependent on temperature, as shown in Equation (2). At low temperatures,
the value of γa becomes small; consequently, sufficient chemisorption does not occur, and
the space where adsorption does not occur remains empty. Furthermore, as θ decreases, the
density of the thin film decreases. At high temperatures, γd increases, and it is thought that
owing to the empty space formed by the atoms desorbed during the deposition process,
both the values of θ and the density of the thin film decrease. Under the conditions of this
experiment, the substrate temperature of 180 ◦C results in the minimum γd

γa
value and the
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highest fraction of the surface covered by the absorbate; therefore, this condition is thought
to be the optimal deposition condition that yields the highest density. In addition, the
secondary phases, including the m-phase, appearing at a substrate temperature of 280 ◦C
may cause density reduction [33,34].

Although the m-phase is the most stable phase of HZO thin films, the formation of the
m-phase is suppressed while the ratio of the ferroelectric o-phase is increased because of
thermal stress caused by the difference in the thermal expansion coefficient between the
HZO thin film and the TiN electrode during the post-annealing process [35,36]. Figure 5
shows the changes in the XRD patterns and density of samples of the HZO thin films
deposited at 180 ◦C, the optimal substrate temperature, which underwent post-annealing
at 500 to 700 ◦C. At all annealing temperatures, HZO thin films almost purely consisting
of o-phases without the m-phase and secondary phases were obtained. In the case of the
sample obtained via 500 ◦C post-annealing, the X-ray peak intensity was slightly weak, but
in the samples obtained via post-annealing at 600 ◦C or higher, the X-ray peak intensity was
strong. With regard to the density, the sample annealed at 600 ◦C showed the highest value;
thus, the optimum annealing temperature was determined to be 600 ◦C. It was confirmed
that the HZO thin film was densified, with crystallization, through the post-annealing
process. It can be inferred from the results shown in Figure 5b that the density of the thin
film may decrease as the interdiffusion between the TiN electrode and the HZO thin film
increases under high-temperature post-annealing conditions.

Figure 5. (a) XRD pattern and (b) density according to post-annealing temperature of PEALD HZO
thin films deposited at 180 ◦C.

The polarization characteristics of PEALD HZO thin films deposited at various sub-
strate temperatures were evaluated. Figure 6a shows the PE hysteresis curves measured
after 105 cycles for each sample in which wake-up had occurred and the value of coercive
field (2Ec) was stabilized. Figure 6b shows the dynamic polarization switching current with
respect to the electric field. The value of remanent polarization 2Pr measured based on each
P-E hysteresis curve increased significantly from 12 μC/cm2 to 38.2 μC/cm2 as the deposi-
tion temperature increased from 100 ◦C to 180 ◦C. Further, as the strength of the coercive
field (2Ec) increased from 1 MV/cm to 1.97 MV/cm, the total area of the hysteresis curve
increased significantly. Thereafter, as the deposition temperature increased to 280 ◦C, both
the 2Pr and 2Ec values decreased, and this trend was consistent with the X-ray intensity of
the o-phase and the density of the thin film. The maximum remanent polarization value
of 38.2 μC/cm2 of the sample obtained at the deposition temperature of 180 ◦C is higher
than the values reported in previous papers [14,16,19]. In Figure 6b, the maximum polar-
ization current is observed near the coercive field. In the sample obtained at a deposition
temperature of 180 ◦C, a dynamic switching current density of up to 8.8 × 10−3 A/cm2

was measured in an electric field of 1 MV/cm, and an almost symmetrical current pattern
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was also observed in negative electric fields. The trend of the polarization characteristics
according to the deposition temperature is thought to be related to an increase in defects
inside the HZO thin films deposited at low and high temperatures, as discussed above.
These defects can limit the growth of the grain size and cause pinning of the switching of
the ferroelectric domain under the external electric field [37–40].

Figure 6. (a) P−E hysteresis curve and (b) polarization switching current curve with respect to
electric field of HZO thin films deposited at various substrate temperatures.

Figure 7 shows the results of analyzing the electrical properties of the HZO thin films
deposited at 180 ◦C with post-annealing at various temperatures. The best 2Pr value and
the largest dynamic switching current density were obtained at an annealing temperature
of 600 ◦C. The HZO thin film annealed at 500 ◦C showed a 2Pr value of 21.6 μC/cm2 and a
dynamic switching current density of up to 3.85 × 10−3 A/cm2, showing inferior charac-
teristics compared to those of the samples annealed at 600 ◦C or higher. In addition, the
P-E hysteresis curve and polarization switching current curve show asymmetry according
to the sign, which indicates that a built-in potential is formed inside the thin film. From
this, it can be inferred that at a low post-annealing temperature of 500◦C, the distribution
of defects inside the film was not symmetrical or that the phase change to the o-phase was
not fully completed inside the thin film [41,42].

Figure 7. (a) P−E hysteresis curve and (b) polarization switching current curve with respect to
electric field of HZO thin films deposited at substrate temperature of 180 ◦C with different post-
annealing temperatures.

Figure 8 compares the results of fatigue endurance evaluation of the HZO thin films
according to the above-mentioned (a) deposition temperature and (b) post-annealing
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temperature. In Figure 8a, the HZO thin films deposited at 180 ◦C and 230 ◦C showed the
highest level of endurance of 1.6 × 107 cycles. The cases of deposition at the lowest
temperature of 100 ◦C and the highest temperature of 280 ◦C showed relatively low
endurances of 2.5 × 105 cycles and 1.6 × 106 cycles, respectively. In addition, in the
case of these two samples, a wake-up phenomenon, in which the 2Pr value increased
with the number of cycles, was clearly exhibited. Fatigue endurance is caused by the
accumulation of impurities and oxygen vacancies inside the thin film at the electrode
interface or crystal defects, and it is reported that the wake-up effect occurs in the process of
redistribution of oxygen vacancies according to the application of an electric field [43,44]. It
is inferred that samples with low density in the previous experiment contain many defects,
resulting in low fatigue endurance or a marked wake-up effect. Figure 8b shows the results
according to the annealing temperature, and it can be observed that the endurance of the
thin film annealed at 600 ◦C is the highest. In addition, as the annealing temperature
increases, the wake-up effect is improved; notably, the sample annealed at 700 ◦C shows
the best improvement of the wake-up effect. However, the sample annealed at 700 ◦C
showed the lowest fatigue endurance (1.6 × 106 cycles), which is attributed to diffusion at
the electrode interface [45,46].

 
Figure 8. (a) Comparison of fatigue endurance of HZO films fabricated at different deposition
temperatures after 600 ◦C annealing and (b) comparison of fatigue endurance of HZO films, deposited
at a substrate temperature of 180 ◦C, with respect to annealing temperature.

The preparation methods and electrical properties of HZO films are summarized in
Table 3 to compare our work with previous studies. The HZO thin film prepared at opti-
mized PEALD conditions in this study showed relatively good remanent polarization and
fatigue endurance performances despite being under the lowest deposition temperature.

Table 3. Summary and comparison of the preparation methods and electrical properties of HZO films.

Ref.
Growth
Method

Electrode
Deposition

Temperature
Annealing

Temperature
2Pr

(μC/cm2)
Fatigue Endurance
(Number of Cycles)

Our work PEALD TiN 180 ◦C 600 ◦C 38.2 1.6 × 107

[19] PEALD TiN 250 ◦C 450 ◦C 35 1.6 × 105

[10] THALD TiN 280 ◦C 600 ◦C 29 −
[11] THALD Ru 280 ◦C 500 ◦C 36 1.2 × 1011

[12] THALD TiN 250 ◦C 400 ◦C 48 −
[13] THALD W 250 ◦C 720 ◦C 42 1 × 104

In the case of the thin film deposited at the substrate temperature of 280 ◦C in the
previous experiment, the presence of secondary phases such as the m-phase was confirmed.
Therefore, it can be inferred that for increasing the ratio of the o-phase in HZO thin
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films, low-temperature deposition is advantageous. However, the density was greatly
reduced in the thin films deposited at low temperatures. Therefore, this study investigated
process improvement methods that can increase the density of thin films deposited at low
temperatures. Four types of process improvement experiments (A to D) were performed
for deposition at a substrate temperature of 100 ◦C, followed by RTA at 600 ◦C, and each
process is outlined as follows. Process A is the process of improving θ, the fraction of
the surface covered by the absorbate, by using the discrete feeding method (DFM). In the
DFM, a purge step was included in the source injection step to refine the process, thereby
removing the impurities and byproducts in the precursor injection step. This increased
the initial chemisorption efficiency and fraction of the surface covered by the absorbate.
In this experiment, the purge step was executed twice in the middle of the process. In
process B, the plasma discharge time and oxygen injection time were increased by 4 s each;
thus, the discharge time in this experiment was 6 s, and the oxygen injection time was 8 s.
In process C, the total flow rate in the chamber was increased from 600 sccm to 900 sccm
while maintaining the pressure. Finally, in process D, all of the aforementioned process
improvement methods (A to C) were applied in combination.

Figure 9 shows the changes in the XRD patterns and thin film density of the HZO
thin films obtained with the various process improvement methods. In the results corre-
sponding to processes A to D, both the o-phase peak intensity and the thin film density are
significantly higher than those of the HZO thin film deposited at 100 ◦C without applying
the process improvement. The crystallinity and density of the thin film improved upon
applying process A. Specifically, θ, the fraction of the surface covered by the absorbate,
increased because the application of the DFM eliminated unnecessary physical adsorption,
thus stably providing the chemical adsorption sites to the precursor [25]. By applying pro-
cess B, the density was significantly improved to 9.7 g/cm3, which is thought to be due to
the reduction of oxygen vacancies based on the increase in the reaction time corresponding
to the precursor-reactant reaction [20,47]. The results of process C confirmed that both the
crystallinity and density were improved, and it is believed that the reduced boundary layer
and increased diffusion rate due to the increase in the flow rate of the precursor enhanced
the fraction of the surface covered by the absorbate of the precursor [48,49]. For process D,
the o-phase peak intensity and thin film density were lower than those of processes A and
C, which is inferred to be due to the interaction between process parameters. The results
confirmed that by applying these process improvement methods, the θ for low-temperature
deposition can be improved, and with an increased RF power supply time to promote the
reaction with oxygen radicals, the oxygen vacancies can be reduced, resulting in properties
similar to those of thin films deposited at high temperatures.

The electrical properties of the low-temperature-deposited HZO thin films obtained
with different process improvement methods were measured. Figure 10a shows the P-E
hysteresis curves, and the HZO thin film obtained with process C showed the highest 2Pr
value, 18.6 μC/cm2. Although this value was higher than the 2Pr value of 12 μC/cm2

of the thin film deposited at 100 ◦C without applying any process improvement, it was
significantly lower than that of the thin film deposited at 180 ◦C. This is thought to be
because although the physical properties of the thin films obtained by applying the process
improvement methods were similar to those of the thin films deposited at 180 ◦C, the forma-
tion of a ferroelectric domain inside the thin films was hindered, and further investigation
is needed to identify the cause. As shown by the fatigue endurance measurement results
in Figure 10b, dielectric breakdown occurred at 107 cycles or more, indicating that the
service life was greatly improved through the process improvement. In particular, when
process B was applied, the highest endurance of 2.5 × 107 cycles was measured, which was
superior to that of the thin film deposited at 180 ◦C. This increase in endurance is thought
to be because the oxygen vacancies inside the thin film, which cause fatigue, were greatly
reduced by the effects of the applied process improvement.
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Figure 9. (a) XRD patterns and (b) thin film density according to the process improvement method
of low-temperature-deposited HZO thin films; A: use of discrete feeding method, B: increase in RF
plasma time, C: increase in gas flow, D: combined application of A, B, and C.

Figure 10. (a) P−E hysteresis curves and (b) fatigue endurance characteristics according to the
process improvement method of low-temperature-deposited HZO thin films; A: use of discrete
feeding method, B: increase in RF plasma time, C: increase in gas flow, D: combined application of
A, B, and C.

4. Conclusions

In this study, the characteristics and electrical properties of ferroelectric HZO thin
films obtained by PEALD were evaluated according to the deposition temperature and
annealing temperature. Further, we developed and applied various processes to improve
these characteristics and electrical properties. First, since the growth per cycle (GPC)
according to the deposition temperature of HfO2 and ZrO2 was constant, it was possible to
deposit HZO thin films with similar deposition rates at all temperatures. The thickness of
the deposited HZO thin films, o-phase crystalline structure, and elemental composition
profiles were examined through cross-sectional TEM images and EDS analysis. The X-ray
intensity of the o-phase of the thin film deposited at the substrate temperature of 180 ◦C
was the highest, and mixed secondary phases such as the m-phase were observed in the
thin film deposited at 280 ◦C. Density analysis of the thin films showed that the HZO thin
film deposited at 180 ◦C had the highest density and a decrease in density was observed in
the thin films deposited at temperatures lower and higher than 180 ◦C. To investigate the
density change according to annealing temperature, the thin film samples were annealed in
the temperature range of 500–700 ◦C, and a post-annealing temperature of 600 ◦C yielded
the highest thin film density. The 2Pr value of the thin film fabricated with the deposition
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temperature of 180 ◦C and post-annealing at 600 ◦C was the highest, 38.2 μC/cm2, and
the fatigue endurance was also the highest under these conditions, 1.6 × 107 cycles. Three
methods were proposed to enhance the density of the low-temperature-deposited thin films.
For the low-temperature-deposited thin films with an increased RF plasma discharge time,
the enhanced maximum density and an excellent fatigue endurance of 2.5 × 107 cycles
were obtained.
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Abstract: Fe-doped 0.71Pb(Mg1/3Nb2/3)O3-0.29PbTiO3 (PMN-PT) thin films were grown in
Pt/Ti/SiO2/Si substrate by a chemical solution deposition method. Effects of the annealing tem-
perature and doping concentration on the crystallinity, microstructure, ferroelectric and dielectric
properties of thin film were investigated. High (111) preferred orientation and density columnar
structure were achieved in the 2% Fe-doped PMN-PT thin film annealed at 650 ◦C. The preferred orien-
tation was transferred to a random orientation as the doping concentration increased. A 2% Fe-doped
PMN-PT thin film showed the effectively reduced leakage current density, which was due to the fact
that the oxygen vacancies were effectively restricted and a transition of Ti4+ to Ti3+ was prevented.
The optimal ferroelectric properties of 2% Fe-doped PMN-PT thin film annealed at 650 ◦C were
identified with slim polarization-applied field loops, high saturation polarization (Ps = 78.8 μC/cm2),
remanent polarization (Pr = 23.1 μC/cm2) and low coercive voltage (Ec = 100 kV/cm). Moreover, the
2% Fe-doped PMN-PT thin film annealed at 650 ◦C showed an excellent dielectric performance with
a high dielectric constant (εr ~1300 at 1 kHz).

Keywords: PMN-PT thin films; preferred orientation; ferroelectric property; dielectric property

1. Introduction

Lead-based materials have been researched for a series of device applications, such as
actuators, non-volatile memories, transducers and sensors [1–4]. The Pb(Mg1/3Nb2/3)O3-
PbTiO3 (PMN-PT), as relaxor ferroelectrics, with outstanding dielectric, ferroelectric and
piezoelectric properties, has been widely investigated in terms of bulk ceramics and sin-
gle crystals [5–8]. However, the single crystals and ceramics have been unable to meet
the requirements of integrated and miniaturized devices with the development of micro-
electromechanical systems (MEMS) in recent years. Advances have been made in synthesis
and modification of the PMN-PT thin films because of unique advantages, such as low syn-
thesis temperature, small size, easy integration [9,10]. However, it is still a big challenging
to prepare PMN-PT thin films with single phase, crack-free and dense microstructure. In
addition, the performances of thin films are far weaker than the bulk materials because of
the thickness effect of film and the clamping effect of the substrates.

In order to improve the quality of crystallization and enhance electrical properties
of PMN-PT thin film, researchers have done a great deal of works on topics including
site engineering, regulating of annealing process and so on. For example, rare earth
element doping can effectively enhance electrical properties of PMN-PT thin films [11];
Gabor et al. have reported the process window can be expanded in order to obtain pure
phase PMN-PT thin film with the help of LaNiO3 layer [12]; Keech et al. prepared (001)-
orientation PMN-PT films with a PbO buffer to account for Pb loss [13]; Shen et al. found
the additive methanamide can enhance electrical properties of PMN-PT thin films with
reduced residual stress of the film and dense microstructure [14]. Deposition methods of
various kinds have been reported to synthesize PMN-PT thin films, including pulsed laser
deposition, magnetron sputtering, metalorganic chemical vapor deposition and chemical
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solution deposition (CSD) [15–18]. CSD is believed to be a further industrial method with
easy composition control of precursor solutions, excellent reproducible, low synthesis
temperature and low cost. For the CSD route, it is critical to control crystallization through
regulating annealing process parameters because annealing treatment is necessary to
crystallize the amorphous films. Due to the electrical properties of PMN-PT thin films being
strongly dependent on their grain orientation, the realization of preferential orientation is
also expected to improve the electrical properties of ferroelectric thin films. Therefore, the
synthesis of an ideal PMN-PT thin film should include two aspects: appropriate annealing
parameters and the preferential orientation resultant thin film.

In this research, 0.71Pb(Mg1/3Nb2/3)O3-0.29PbTiO3 thin films, with different doping
concentrations of the Fe element used as acceptor doping, were prepared on Pt(111)/Ti/SiO2/Si
substrate by the CSD method. The effects of annealing temperature and doping concentra-
tion on the phase, microstructure, dielectric and ferroelectric properties of PMN-PT thin
films were systematically researched. The highly (111) preferred orientation and dense mi-
crostructure were achieved in the 2% Fe-doped PMN-PT thin film annealed at 650 ◦C, which
lead to the enhanced ferroelectric with high saturation polarization (Ps = 78.8 μC/cm2)
and remanent polarization (Pr = 23.1 μC/cm2) as well as dielectric with a high dielectric
constant (εr~1300 at 1 kHz).

2. Materials and Methods

The precursor solutions of 0.71Pb(Mg1/3Nb2/3)O3-(0.29-x%)PbTiO3-x%PbFeO3 (PMN-
PT-xFe, x = 0, 2, 4, 8) thin films were prepared by the CSD method. Trihydrated lead
acetate, magnesium ethoxide, niobium ethoxide, titanium iso-propoxide and iron nitrate
were used as the raw materials. The solvent was 2-methoxyethanol and acetic acid; about
5 mol% excess of lead was added to compensate the volatilization during heat treatment.
The solution was stirred using a magnetic stirrer for 12 h, and further aged for 24 h
to promote the uniformity of solution. The concentration of precursor solutions was
adjusted to be 0.2 M; the precursor was spin-coated on Pt(111)/Ti/SiO2/Si substrate
at 3000 rpm for 30 s. The obtained film was heated at 350 ◦C for 2 min for solvents
volatilizing and amorphous films formation, and subsequently annealed at the specified
annealing temperature (600~700 ◦C) for 5 min in air atmosphere for film densification and
crystallization in a programmed rapid thermal annealing furnace. The desirable thickness
was achieved by a 12 time layer-by-layer spin-coating and annealing processes with one
layer thickness of about 25 nm.

Crystalline phases were identified by X-ray diffraction (XRD) measurement using
Bruker D8 Advanced XRD (Berlin, Germany). The microstructures of thin films were
recorded using a field emission scanning electron microscopy (SEM) and atomic force
microscope (AFM, MFP-3D Origin+, Concord. MA, USA). The ferroelectric tester (TF
Analyzer 3000, Aachen, Germany) was used for polarization-electric field (P–E) hysteresis
loops and leakage current density of thin films. The relative permittivity (εr) and dielectric
loss (tanδ) were measured using an impedance analyzer (Agilent 4294A, Santa Clara,
CA, USA).

3. Results and Discussion

Figure 1a shows the XRD patterns of PMN-PT-2Fe thin films annealed at different
temperatures. It can be seen that the PMN-PT perovskite phase coexists with a pyrochlore
phase (peak at 2θ = 29.3◦) in thin films treated over the entire temperature range. The
larger fraction of pyrochlore phase is attributed to the lead remaining due to the inadequate
annealing. The decrease of concentration for pyrochlore phase from 4.2% for 600 ◦C
to 1.4% for 700 ◦C indicates the phase transition from pyrochlore to perovskite phase.
Moreover, the pyrochlore phase almost disappeared which is due to fuller annealing when
the annealing temperature reached 700 ◦C. In addition, it is worth noting that the preferred
orientation of thin films also depends on the annealing temperature; the degree of preferred
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orientation is defined by the preferential orientation parameter αhkl calculated with the
following equation:

αhkl =
Ihkl

∑ Ihkl
(1)

where, Ihkl is the peak intensity of (hkl) orientation peak of thin film. The α111 of PMN-
PT-2Fe thin films with the annealing temperature of 600, 650 and 700 ◦C were 76%, 90%
and 74%, respectively. The highly (111) preferred orientation will lead to the excellent
electrical performances of PMN-PT thin films [19]. The crystallization of PMN-PT-xFe
thin films as a function of doping concentration of Fe element is shown in Figure 1b. The
obviously enhanced intensity of peak indicates that the introduction of Fe ion promotes
the crystallization of thin film. The preferred orientation transition from (111) to (110) was
observed when the doping concentration of Fe ion increased from 2% to 8%. The degree
of (110) preferential orientation of PMN-PT-8Fe was up to 49%. The preferred orientation
of ferroelectric thin films is subject to three factors: (i) template layer [20], (ii) formation
of intermetallic phase during film crystallization [21], (iii) crystallization kinetic [22]. The
(111) preferred orientation of the PMN-PT and PMN-PT-2Fe thin films is attributed to
the template effect of the Pt(111) substrate [23]. However, continuing to increase the
doping concentration will impact the preheat decomposition of the sol, which will change
the crystal orientation [24]. When the doping concentration is up to 4%, the preferred
orientation transfer from (111) to (110), indicating that effect on the preheat decomposition
surpasses the template effect.

 
Figure 1. (a) XRD patterns of PMN-PT-2Fe thin films annealed at different temperatures, (b) XRD
patterns of PMN-PT-xFe thin films annealed at 650 ◦C with different doping concentrations of Fe
element. Note that the peaks at 21.95◦, 44.98◦, 38.65◦, 55.81◦ correspond the (100), (200), (111) and
(211) diffraction peaks of PMN-PT thin films, respectively. The 29.39◦ peak corresponds to the
diffraction peak of pyrochlore structure.
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Figure 2 shows the microstructures of PMN-PT-2Fe thin films annealed at different
temperatures; the surface of the film, annealed at 600 ◦C, showed an abundance of very
small features, which is due to the incomplete growth of the grain. It is clear to observe
that the grains grew as the annealing temperature increased, and that the film annealed
at 700 ◦C had the largest grains, at 100–250 nm. The uniform, dense grains, as well as
the crack-free thin film were achieved at an annealing temperature of 650 ◦C, which is
beneficial for improving electrical properties. However, the obvious cracks appeared in the
film annealed at 600 and 700 ◦C, which leads to a deterioration in performance. As shown
in cross-sectional SEM images, all films are composed of relatively dense microstructures.
The PMN-PT-2Fe thin film annealed at 600 ◦C displays a layered structure. The typical
columnar structure can be observed in the film annealed at 650 ◦C, which corresponds
to the preferred orientation growth, as shown in XRD patterns in Figure 1a. However,
the continuous increase of annealing temperature does not lead to further optimization
of the column structure, accompanied by the appearance of voids. The thickness of all
thin films is about 290 nm. The AFM images of PMN-PT-2Fe thin films annealed at
different temperatures in the scanning area of 10 μm × 10 μm were shown in Figure 2g–i,
representing the root square roughness is 4.914 nm, 3.061 nm, 8.089 nm for 600, 650 and
700 ◦C, respectively.

 

Figure 2. Microstructures of PMN-PT-2Fe thin films annealed at different temperatures. (a,d,g) 600 ◦C;
(b,e,h) 650 ◦C; (c,f,i) 700 ◦C. Note the cracks are observed in (a,c) and the uniform, dense and
crack-free structure is obtained in (b), the typical columnar structure is shown in (e).

Figure 3 shows the microstructures of PMN-PT-xFe thin films with different Fe doping
concentrations. It can be seen that the fine grain was achieved in the pure PMN-PT
thin film. The larger grains developed as the doping concentration of Fe ion increased.
However, obvious voids can be observed between layers in thin films with 4% and 8% Fe
doping, although the columnar structure still exists, which is consistent with the weakening
of preferred orientation, as shown in Figure 1b. Figure 3i–l shows the AFM images of
PMN-PT-xFe thin films with different Fe doping concentrations, representing the root
square roughness as 3.776 nm, 3.061 nm, 3.999 nm, 4.077 nm for 0, 2, 4 and 8% doping
concentrations, respectively.
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Figure 3. Microstructures of PMN-PT-xFe thin films with different doping concentration of Fe
element. (a,e,i) x = 0; (b,f,j) x = 2; (c,g,k) x = 4; (d,h,l) x = 8. Note that the fine grains are obtained
in (a), the cracks are observed in (c,d) and the uniform, dense and crack-free structure is obtained
in (b), the layered structure is shown in (e), the typical columnar structure is shown in (f,g,h).

Figure 4a shows the leakage current density–voltage (J–V) curves of PMN-PT-2Fe thin
films as a function of annealing temperature from 600 to 700 ◦C. It can be seen that the
curves of all thin films exhibit asymmetry between positive and negative applied voltage,
which might be attributed to the different interface states between top Au/PMN-PT-2Fe
thin film and bottom Pt/PMN-PT-2Fe thin film. The leakage current density exhibits steep
increasing tendency in the low voltage, which suggests that the dominant conduction
mechanism is Ohmic. In the high voltage scale, the leakage current densities increase
slightly, which is attributed to the contribution of space charge limited current conduction
mechanism. A sudden increase in leakage current for PMN-PT-2Fe thin film annealed
at 700 ◦C was attributed to the abnormal big grain. The shortened grain boundaries
accompanied by the big grain provided shorter leakage current path [25].

Figure 4. (a) Leakage current density of PMN-PT-2Fe thin films annealed at varied temperatures,
(b) Leakage current density of PMN-PT-xFe thin films with different doping concentrations of
Fe element.

The effect of doping concentration on the leakage current density of PMN-PT-xFe thin
films was measured, as shown in Figure 4b. It can be seen that the pure PMN-PT thin
film exhibits the highest leakage current density. The effective decrease leakage current
can be obtained in 2% Fe-doped thin film. The leakage current of PMN-PT-based thin
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films is mainly originated from the following two aspects: (1) oxygen vacancies (V••
O2− )

due to the volatilization of PbO; (2) the transition of Ti4+ to Ti3+. The mobile V••
O2− can

be effectively restricted through the formation of 2(Fe3+
Ti4+)

′
-V••

O2− [26]. In addition, the
introduction of low-valance Fe, as acceptor dopants, will prevent the transition of Ti4+ to
Ti3+ [27]. Among all the films, the PMN-PT-2Fe thin film exhibits the lowest leakage current
density of ~10−3A cm−2 in high voltage, which is more than three orders of magnitude
lower than that of the pure PMN-PT thin film. However, continuing to raise the Fe element
does not lead to a further decrease of the leakage current. This could be due to the fact that
(Fe3+

Ti4+)
′

has exceeded the required amount to restrict V••
O2− . Excess (Fe3+

Ti4+)
′

gathered at
the grain boundary will act as leakage for the current path, which then deteriorates the
leakage characteristic.

Figure 5 displays the P–E hysteresis loops of PMN-PT-2Fe thin films annealed at
various temperatures, from 600 to 700 ◦C. The P–E hysteresis loops of PMN-PT-2Fe thin
films were not well developed at a relatively low temperature (600 ◦C) because a large
amount of non-ferroelectric pyrochlore phase existed in the thin film. With the increasing
annealing temperature, the ferroelectric hysteresis loops become slim without leakage
characteristics; indeed, the best ferroelectric properties were observed in the PMN-PT-2Fe
thin film annealed at 650 ◦C. High annealing temperature improves the crystallization
and reduces pyrochlore phase content. However, the hysteresis loops turn bad again at
an annealing temperature of 700 ◦C, which is due to the more defects induced by the over
volatilization with high annealing temperature. Figure 5d shows the P–E hysteresis loops
of PMN-PT-2Fe thin films at those breakdown strengths. The sharp drop in breakdown
strength for PMN-PT-2Fe thin film annealed at 700 ◦C is due to the significant increase of
leakage current. In addition, compared with one annealed at 650 ◦C, the PMN-PT-2Fe thin
film annealed at 700 ◦C displays a larger coercive electrical field, which is due to the amount
of 2(Fe3+

Ti4+)
′
-V••

O2− . The internal fields were created with the dipoles of 2(Fe3+
Ti4+)

′
-V••

O2− ,
which stabilizes the domain configuration.

Figure 5. P–E hysteresis loops of PMN-PT-2Fe thin films annealed at various temperatures (a) 600 ◦C,
(b) 650 ◦C, (c) 700 ◦C, (d) P–E hysteresis loops at breakdown strength.

Figure 6 shows the P–E hysteresis loops of PMN-PT-xFe thin films with different Fe
doping concentrations. It can be seen that all the doped thin films exhibit improved P–E
loops compared with pure PMN-PT thin film with a round shaped P–E loop [28]. The
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PMN-PT-2Fe thin film exhibited the so-called slim loops as a feature typical for the relaxor
ferroelectrics, which is due to obviously reduced leakage current density. However, this
feature disappeared as the doping concentration continuously increased, owing to the
excess (Fe3+

Ti4+)
′

gathered at the grain boundary, which lead to the deterioration of leakage
characteristics. The optimal ferroelectric properties were exhibited in the PMN-PT-2Fe
thin film with high saturation polarization (Ps = 78.8 μC/cm2), remanent polarization
(Pr = 23.1 μC/cm2) and low coercive voltage (Ec = 100 kV/cm). At the same time, the
asymmetry of hysteresis loops of the sample increases as the doping concentration increases.
The increasing asymmetry is attributed to two factors: (i) internal fields created by the
dipoles of 2(Fe3+

Ti4+)
′
-V••

O2− , (ii) accumulation effect of excess Fe ion.

 
Figure 6. PE hysteresis loops of PMN-PT-xFe thin films with different doping concentration of Fe
element (a) x = 0, (b) x = 2, (c) x = 4, (d) x = 8.

The ferroelectric nature of PMN-PT thin films can be identified from irreversible nature
of dielectric performance versus electric field behavior. Voltage dependence of dielectric
constant (εr-V) and loss tangent (tanδ-V) of PMN-PT thin films was measured at 100 Hz,
as shown in Figure 7. The ferroelectric properties of PMN-PT thin films were confirmed
by the butterfly-shaped curve. In order to study the nonlinear dielectric property, the
corresponding dielectric tunable performance was calculated. The dielectric tunability (T)
is defined as: T = [(ε0 − εr)/ε0] × 100%, where ε0 and εr represent the dielectric constant
values at zero and the maximum applied field, respectively. According to the εr-V curves
of the PMN-PT-2Fe thin films annealed at different temperatures as shown in Figure 7a,
the calculated T values at 10 V are 52%, 73% and 70% for annealing temperature of 600, 650
and 700 ◦C, respectively. The increase of T with the increase of annealing temperature is
attributed to the improved crystallization and grain size of the films, which is corresponding
to the XRD and SEM images as shown in Figures 1 and 2 [29,30]. The dielectric loss (tanδ)
shows the same tendency as the annealing temperature increases. Figure 7b shows the εr-V
curves of PMN-PT-xFe thin films with different Fe doping concentrations. The calculated T
values at 10 V are 34%, 73%, 64% and 46% for PMN-PT-xFe thin films with Fe doping of 0,
2, 4 and 8%, respectively. It can be seen that the T first increases and then decreases with
the increase in doping concentration. The decrease in T is attributed to the deterioration of
leakage characteristics. In addition, the transition of preferred orientation of PMN-PT thin
film from (111) to (110) may be another factor that causes T to change, which corresponds
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to the previous literatures [31,32]. Moreover, tanδ exhibits a tendency to first decrease
before increasing with the increase in doping concentration.

Figure 7. (a) Voltage dependence of εr and tanδ for PMN-PT-2Fe thin films annealed at different temperatures, (b) Voltage
dependence of εr and tanδ for PMN-PT-xFe thin films with different doping concentrations of Fe element.

Frequency-dependent εr and tanδ of PMN-PT-2Fe thin films annealed at different
temperatures and PMN-PT-xFe thin films with different doping concentrations of Fe
element were measured from 1 kHz to 1 MHz at room temperature, as shown in Figure 8.
It can be observed that the annealing temperature and doping concentration have a strong
effect on its dielectric property. For all samples, εr decreased gradually with the increase
in frequency, which is due to the fact that the polarization process of some frameworks
(such as space charges) cannot be achieved [33,34]. The significantly low εr of PMN-PT-2Fe
thin film annealed at 600 ◦C is attributed to presence of pyrochlore phase with low εr
and smaller grain size of thin film, which are also evident form XRD patterns and surface
SEM images [35]. The εr of PMN-PT-2Fe thin film increased with the increase of annealing
temperature, which is due to the decrease of pyrochlore phase and the growth of crystal
grain. However, continuing to raise the Fe element does not lead to a further increase of εr.
This could be due to the fact that (Fe3+

Ti4+)
′

has exceeded the required amount to restrict

V••
O2− . Excess (Fe3+

Ti4+)
′

gathered at the grain boundary will act as a leakage current path,
then waken εr. The PMN-PT-2Fe thin film annealed at 650 ◦C shown the largest εr of ~1300
which is comparable to those reported in the literature where PMN-PT thin films were
grown on different substrates [36–39]. The tanδ for all samples increased with increasing
frequency, which is due to the extrinsic loss and dipolar lagging phenomena [40].

 
Figure 8. (a) The frequency dependence of εr and tanδ of PMN-PT-2Fe thin films annealed at different temperatures, (b) The
frequency dependence of the εr and tanδ of PMN-PT-xFe thin films with different doping concentrations of Fe element.
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4. Conclusions

PMN-PT thin films with different Fe doping concentrations have been synthesized on
Pt/Ti/SiO2/Si substrate by the CSD technique. The crystallinity, orientation, microstruc-
ture and defect dipoles induced by ion substitution were attributed to the origin of the
enhanced electrical performances; 2% Fe-doped PMN-PT thin film annealed at 650 ◦C
showed the high (111) preferred orientation, and the preferred orientation transferred to
random orientation as the doping concentration increased. The dense columnar structure
was obtained in 2% Fe-doped PMN-PT thin film annealed at 650 ◦C. The excessive anneal-
ing temperature and excessive doping concentration will lead to appearance of cracks. In
addition, compared with the pure PMN-PT thin film, the effectively enhanced leakage
characteristic was obtained in 2% Fe-doped PMN-PT thin film, which is because of the
reduction of movable V••

O2− concentration and restraint from Ti4+ to Ti3+. The enhanced
ferroelectric (Ps = 78.8 μC/cm2, Pr = 23.1 μC/cm2, Ec = 100 kV/cm) and dielectric proper-
ties (εr ~1300 at 1kHz) have been obtained in 2% Fe-doped PMN-PT thin film annealed
at 650 ◦C. These results provide the important guiding significance for controlling the
grain orientation in preparation of ferroelectric thin films and enhancing the electrical
performances of ferroelectric thin films.
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Abstract: Bi1−xSmxFe0.98Mn0.02O3 (x = 0, 0.02, 0.04, 0.06; named BSFMx) (BSFM) films were prepared
by the sol-gel method on indium tin oxide (ITO)/glass substrate. The effects of different Sm content
on the crystal structure, phase composition, oxygen vacancy content, ferroelectric property, dielectric
property, leakage property, leakage mechanism, and aging property of the BSFM films were system-
atically analyzed. X-ray diffraction (XRD) and Raman spectral analyses revealed that the sample
had both R3c and Pnma phases. Through additional XRD fitting of the films, the content of the two
phases of the sample was analyzed in detail, and it was found that the Pnma phase in the BSFMx = 0
film had the lowest abundance. X-ray photoelectron spectroscopy (XPS) analysis showed that the
BSFMx = 0.04 film had the lowest oxygen vacancy content, which was conducive to a decrease in
leakage current density and an improvement in dielectric properties. The diffraction peak of (110)
exhibited the maximum intensity when the doping amount was 4 mol%, and the minimum leakage
current density and a large remanent polarization intensity were also observed at room temperature
(2Pr = 91.859 μC/cm2). By doping Sm at an appropriate amount, the leakage property of the BSFM
films was reduced, the dielectric property was improved, and the aging process was delayed. The
performance changes in the BSFM films were further explained from different perspectives, such as
phase composition and oxygen vacancy content.

Keywords: BSFM; phase transition; aging; electrical properties

1. Introduction

Only a small fraction of all magnetically polarized and electrically polarized materials
are ferromagnetic or ferroelectric, and even fewer, namely multiferroic materials, have both
properties [1,2]. In addition, the coupling between different properties of multiferroic mate-
rials will produce new properties, such as magnetoelectric effects. These materials have
great development potential in the miniaturization and multi-functionalization of devices,
as well as in a wide range of applications in the fields of magnetoelectric memory [3,4],
sensors [5], and drivers [6]. Multiferroic materials are some of the most valuable multi-
functional materials, and they have good application prospects in the field of multiferroic
devices.

Multiferroic materials include single-phase materials and composite materials. How-
ever, few single-phase multiferroic materials have been discovered at present, and their
Curie temperatures are usually low. Owing to its high Curie temperature (Tc = 1103 K) and
Neal temperature (TN = 647 K), single-phase BiFeO3 (BFO) exhibits ferroelectric and G-type
antiferromagnetism at room temperature [7,8]. Thus, it has attracted extensive attention
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from materials scholars and has become a hot topic for in-depth exploration of multiferroic
materials [9–12].

In BFO, Bi ions are volatile at high temperature. To balance the charge, the valence of
Fe ions may change from +3 to +2 [13]:

BixBi +
3
2

O2 ⇔ Bi2O3 ↑ +V′′′
Bi + 3h•, (1)

2Fe3+ + Ox
O ⇔ 2(Fe2+

Fe3+)′+ V••
O +

1
2

O2. (2)

As a result, a large number of oxygen vacancies or other defects often exist in the pre-
pared BiFeO3 samples, which increases the leakage current density of BiFeO3 materials and
adversely affects its performance [14]. There are many ways to improve the properties of
BiFeO3 materials, including element doping, solid solution, formation of a heterostructure,
and control of film orientation [15–18]. Among them, many researchers adopt the element
doping method to improve the performance of BiFeO3 materials [19–22]. Yun et al. pre-
pared single-phase multiferroic BiFeO3 and Ho-doped BiFeO3 films [23]. The ferroelectric
property was enhanced, and the leakage current decreased significantly. The ferroelectric
property reached 20.69 μC/cm2 and the leakage current density was 2.89 × 10−9 A/cm2,
and these effects were attributed to the transformation from a rhombohedral structure to
a coexisting cubic and orthosymmetric structure after Ho doping. Moreover, the fatigue
properties of the films doped with Ho also improved, as evidenced by a 0.4% reduction
in the value of the switchable polarization. Liu et al. grew a Bi1−xEuxFeO3 (BEFOx, x = 0,
0.03, 0.05, 0.07, 0.1) thin film on LaNiO3-coated Si substrate by the pulse laser deposition
method. As the doping amount increased, the position of the A1-1 mode of the films
shifted to a higher wave number in the Raman spectrum [24]. With the increase in Eu, the
refractive index of the film increased, and the extinction coefficient and band gap width
decreased. Yang et al. prepared a BiFe1−xZnxO3 (BFZO) film (x = 0%, 1%, 2%, 3%) and
found that when x = 2%, the film reached the maximum remanent polarization intensity
and the minimum correction field [25]. At the same time, under a low electric field, Zn
doping can significantly reduce the leakage current of BFO films. In addition, the leakage
mechanism changes from Ohmic conduction under a low electric field to F-N tunneling
under a high electric field. Zhang et al. prepared high-quality BiFe1−2xZnxTixO3 (BFZTO,
x = 0, 0.01, 0.02, 0.03, 0.04, and 0.05) films [26]. The authors found that the BFZTO film with
x = 0.02 had uniform fine grains and high density, which can inhibit the transformation
of Fe3+ to Fe2+ and, thus, greatly reduce the oxygen vacancy concentration. This film
had the lowest leakage current density and the highest remanent polarization intensity.
By comparing P–E hysteresis loops in different areas of BiFe0.96Zn0.02Ti0.02O3 thin films,
the films have high uniformity and stable properties. Concurrently, Zn and Ti co-doping
also increased the dielectric permittivity from 24.9 to 35.3 and remnant magnetization
from 0.05 to 0.80 emu/cm3 of BFZTO films. Liu et al. prepared Bi0.9Er0.1Fe1−xMnxO3
(BEFMxO, x = 0.00–0.03) thin films by the sol-gel method [27]. By co-doping Er and Mn,
the coexistence of two phases (space groups are R3c:H and R3m:R) and the reduction of
oxygen vacancy and Fe2+ concentration in BEFMxO were realized. Among all the samples,
the BEFM0.02O film had the lowest oxygen vacancy concentration, the maximum remanent
polarization value, and the maximum switching current. It also exhibited excellent ferro-
electric stability, which means its low concentration of oxygen vacancies had less influence
on the ferroelectric domains.

Kan et al. found that doping with Sm affected the phase structure of BFO sam-
ples [28,29]. Xue et al. prepared BFO films with different Sm content by the sol-gel method
and found that the rhombohedral phase to pseudo-tetragonal phase transition occurs grad-
ually with the increase in Sm [30]. Although there are many studies on the influence of
element doping on BiFeO3 properties, there are few on the influence of Sm doping on the
content change in the BiFeO3 thin film phase structure and thus on ferroelectric properties.
In addition, the literature review revealed that for Sm doping, when the doping content is
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less than 10 mol%, BFO has better properties than heavily doped [31,32]. It is necessary
to further adjust the doping content. In this experiment, the doping amounts of Sm were
2 mol%, 4 mol%, and 6 mol%, in order to understand the influence of Sm doping on BSFM
films. The performance changes were analyzed in detail from the aspects of oxygen vacancy
content, grain size, relative content of the R3c phase and the Pnma phase. Additionally, the
effects of different Sm content on the ferroelectric, dielectric, leakage, and aging properties
of the thin film samples were systematically studied.

2. Materials and Methods

Bi1-xSmxFe0.98Mn0.02O3 thin films (x = 0, 0.02, 0.04, 0.06) were prepared by the sol-gel
method on ITO/glass substrate. Fe(NO3)3·9H2O (purity of 98.5%), Bi(NO3)3·5H2O (purity
of 98.5%), Sm(NO3)3·6H2O (purity of 98.5%), and MnC4H6O4·4H2O (purity of 98.5%) were
taken as solutes, according to stoichiometric ratio. Bi excess of 5% compensated for bismuth
volatilization during high-temperature annealing. The solutes were successively added
to a solvent mixture of CH3COOH and C2H6O, with a volume ratio of 3:1, and stirred
at room temperature at a uniform speed until completely dissolved. Then, C5H8O2 was
added to the solution as a chelating agent and stirred at room temperature for 12 h at a
constant speed to obtain a red-brown and transparent precursor solution. Finally, the stable
precursor solution of 0.3 mol/L was obtained by allowing the precursor solution to rest for
24 h. Then, the BSFM precursor solution was rotated onto ITO/glass substrate, and the film
was coated at 3500 r/min. The wet film was dried on an electric heating plate at 250 ◦C
to remove excess organic solvents and water. It was then placed in an annealing furnace
and annealed at 550 ◦C. The coating was repeated, and the film was dried and annealed
10 times to obtain the desired samples.

Before testing the electrical properties of the sample, Au was sputtered on the surface
of the sample to achieve the effect of conduction. We used a small-ion sputtering instru-
ment (JS-1600, Beijing Hetong Venture Technology Co., Ltd., Beijing, China) to complete
this process. The samples were characterized by an X-ray diffractometer (D8-Advance,
Drudy, Germany) recorded in the 2-theta range of 20–60◦ with a step of 0.02◦, and by a
microconfocal Raman spectrometer (HR800, LabRAM, Horiba Co., Palaiseau, France) to
measure in the shift range of 50–650 cm−1. The Fe and O elements in the samples were
analyzed by a Wscabb X-ray photoelectron spectrometer. A dielectric tester (TH2828, Xin-
tonghui Electronics Co., Ltd., Suzhou, China) was used to test the dielectric properties of
the samples in the range of 1 kHz–1 MHz with an oscillation voltage of 1 V. The ferroelectric
properties at 1 kHz and leakage properties of the samples were measured via a multiferroic
tester (Radiant Co., Albuquerque, NM, USA).

3. Results and Discussion

Figure 1a shows the XRD patterns of Bi1-xSmxFe0.98Mn0.02O3 (x = 0, 0.02, 0.04, 0.06)
films deposited on ITO/glass substrate. Figure 1b,c show the local magnified diffraction
peaks of the (110) and (202) crystal planes, respectively. From the XRD pattern, the gener-
ated sample had a polycrystalline perovskite structure, and the films had good crystallinity,
which matches well with the JCPDS (No. 86-1518) PDF standard card. However, the
peak-splitting phenomenon of the rhombohedral structure was not observed in the BFSM
thin films. At 2θ = 32◦, the BSFM thin film samples do not show (110)/(104) peak splitting,
but preferentially grow along (110). This may be due to the structural phase transition
in the BSFM films. Figure 1b,c show that with the increase in Sm doping amount, the
diffraction peak of (110) and the diffraction peak of (202) gradually shift to a large angle,
which may be because the radii of doped Sm3+ (0.96 Å) and Mn2+ (0.67Å) are smaller than
that of Bi3+ (1.03 Å) and Fe3+ (0.64 Å) [33,34]. Lattice distortion occurred during doping,
and the crystal plane spacing decreased. In addition, with the increase in Sm content, the
relative strengths I = I(110)/I(012) of BSFMx = 0.02, BSFMx = 0.04, BSFMx = 0.06 were 2.03,
3.70, 3.02, respectively. When the content was 4 mol%, the relative intensity reached the
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maximum value, and the intensity of diffraction peak (202) did not change significantly
with doping amount.

Figure 1. (a) XRD patterns, (b) magnified patterns around 30.5–33◦, and (c) magnified patterns
around 39–41◦ of the BSFM films with different Sm content.

The above data indicate that the crystal had structural distortion. To further study
the changes in crystal structure, Rietveld refinement was conducted on all samples, and
the results are shown in Figure 2a–d. All samples were used for two-phase refinement
using R3c and Pnma cards from the International Crystallography database. The phase
content and structural parameters of the samples are shown in Table 1. According to the
experimental data, all samples have R3c and Pnma space groups. With the increase in
Sm content, the content of R3c phase in the samples was 70.98%, 68.39%, 69.06%, and
67.06%. The addition of Sm reduced the content of R3c phase in the BSFM films. The lone
electron pair 6S2 of Bi3+ in BiFeO3 is chemically active, and it is conducive to ferroelectric
distortion [20]. The substitution of rare earth element Sm for Bi may reduce the chemical
activity of the lone electron pair and reduce the rhombohedral distortion of the crystal. In
all Sm-doped samples, the content of the R3c phase in BSFMx = 0.04 was the highest, and
the content of the non-polar orthorhombic phase Pnma was the lowest [35,36].

Table 1. Rietveld refinement parameters of the BSFM films with different Sm content.

Sample Space
Group

Fraction
(%)

Lattice Parameter

Rw (%)
a (Å)

b
(Å) c (Å) α (◦) β (◦) γ (◦) Volume

BSFMx = 0 R3c 70.98 5.59 5.59 13.70 90 90 120 370.41 7.90Pnma 29.02 5.60 16.01 11.28 90 90 90 1010.60

BSFMx = 0.02 R3c 68.39 5.58 5.58 13.70 90 90 120 369.56 6.83Pnma 31.61 5.62 15.98 11.26 90 90 90 1010.75

BSFMx = 0.04 R3c 69.06 5.58 5.58 13.66 90 90 120 368.67 7.40Pnma 30.94 5.58 16.06 11.30 90 90 90 1012.96

BSFMx = 0.06 R3c 67.06 5.58 5.58 13.67 90 90 120 368.65 7.17Pnma 32.94 5.56 16.06 11.28 90 90 90 1007.00

The surface differentiation features of the BSFMx (x = 0–0.06) films are shown in
Figure 3a–d. The crystal grain size of the BSFMx (x = 0–0.06) films are shown in the inset.
The figure shows that the grain distribution on the surface of the film without Sm doping is
not uniform, and that there are many voids, which may be the reason for the volatilization
of the organic solution. Furthermore, the surfaces of the Sm-doped films were uniform,
compact, and well combined with the substrate, indicating that the annealing mechanism
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was very suitable for the growth of the BSFM films on the ITO substrate. The average grain
sizes of the BSFMx (x = 0–0.06) films were 62.29, 59.53, 48.93, and 60.98 nm, indicating that
Sm doping can reduce grain size. Among them, the BSFMx = 0.04 film had the smallest
grain size, suggesting that appropriate Sm doping accelerated the nucleation rate and
decreased the grain size [37]. The cross-sectional image of the BSFMx = 0.06 film is shown
in Figure 3e. As can be seen from the figure, the film has a clear interface with the substrate,
and the cross-section thickness of the film is 585 nm.

Figure 2. Rietveld refined XRD patterns of the BSFM films with different Sm content: (a) x = 0 mol%;
(b) x = 2 mol%; (c) x = 4 mol%; (d) x = 6 mol%.

To further analyze the structure of Sm-doped BSFM thin films, Raman spectroscopy
was used. Figure 4a shows the Raman spectra of BSFMx (x = 0−0.06) films with different Sm
content in the wave number range of 50 cm−1–650 cm−1. The data for the crystal structure
of the BSFM films (Pnma+R3c) according to XRD-refined parameters and developed by
FullProf software are shown in Figure 4b,c. Figure 4d–g are the Raman spectrum fitting
diagrams of each sample. Group theory analysis shows that the vibration modes of
the BFO film with the R3c space group with a rhombohedral perovskite structure are
ΓRaman,R3c = 4A1 + 9E [38]. Four A1 and nine E vibration modes analyzed by group theory
were observed in the Raman spectra of the BSFM films. The Raman vibration modes
extracted from the Raman fitting are listed in Table 2. From the Raman fitting diagram,
the strength of mode A in the BSFM films significantly increased, which may be related
to the change in Bi-O bonds caused by Sm3+ replacing Bi3+. Owing to the Jahn–Teller
distortion effect [39], the strength of modes E-8 and E-9 improved. This is because changes
in Bi-O bonds lead to the distortion of the ferrite octahedron, which further changes the
Fe-O bond. In addition, when the Sm element was added, the A1-1 vibration mode shifted
to a higher wave number (from 141.76 cm−1 to 143.31 cm−1), because the frequency of
the Raman vibration mode is related to the functions of ion mass and force [22]. Sm3+

(150.4 g) replaces Bi3+ (209.0 g), which leads to a blue shift in the A1-1 mode. These results
show that Sm3+ doping causes lattice distortion, which is consistent with XRD analysis. In
addition, all samples had vibration patterns near 200, 300, 400, 490, and 620 cm−1, which
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were consistent with the Raman frequencies of the Pnma structure [40]. In Figure 4c–f, the
vibration patterns are indicated by #. The results show that in addition to the R3c phase,
the Pnma phase also existed in all samples, which was consistent with the XRD refinement
results.

Figure 3. SEM images of the surface morphological features of the BSFM films: (a) x = 0 mol%;
(b) x = 2 mol%; (c) x = 4 mol%; (d) x = 6 mol%, and (e) the cross-sectional image of the
BSFMx = 0.06 film. The insets show the distribution of crystal grain size and the average grain
diameter (Dave).

According to the defect equation (Formula (2)) [13], the Fe2+ content can affect the
oxygen vacancy content. Thus, the Fe2p2/3 orbit of the BSFM films with different Sm
doping amount was fitted, as shown in Figure 5a–d. The Fe2p2/3 peaks were fitted into
two peaks corresponding to Fe2+ and Fe3+. From further calculations, the Fe3+:Fe2+ ratios
of the BSFMx (x = 0–0.06) films were 2.33, 2.64, 2.94, and 2.77. The content of Fe2+ in the
BSFMx = 0.04 film was the lowest, indicating that an appropriate amount of Sm doping can
effectively inhibit the variation of Fe element. Generally, the content of Fe2+ will affect the
generation of oxygen vacancies. The lower the content of Fe2+, the fewer oxygen vacancies
will be generated, and the fewer defects will exist in the samples.
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Figure 4. (a) Raman spectra of the BSFM films with different Sm content and crystal structure of the
BSFM films: (b) Pnma; (c) R3c, Raman fitting spectra of the BSFM films with different Sm content:
(d) x = 0 mol%; (e) x = 2 mol%; (f) x = 4 mol%; (g) x = 6 mol%. # refers to the Raman frequencies of
the Pnma structure.

To further study the oxygen vacancy content in the BSFM films, the O1s orbital of
the films was fitted, as shown in Figure 6a–d. In the figure, O1s is fitted into two peaks,
which are lattice oxygen with binding energy of 529 eV (from metal) and oxygen vacancy
of 531 eV (from defect) [41,42]. To calculate the oxygen vacancy ratio of the thin films, the
two peaks were integrated to calculate the area, and the oxygen vacancy ratios of the four
groups of samples were 0.24, 0.16, 0.14, and 0.15. According to the calculation results, the
oxygen vacancy content and the Fe2p3/2 orbital Fe2+ content of the BSFMx = 0.04 film were
the lowest. This further confirms the view that inhibiting the transformation of Fe3+ to Fe2+

reduces the oxygen vacancy content of the sample.
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Table 2. The Raman modes of the BSFM films with different Sm content.

Raman Modes (cm−1) BSFMx = 0 BSFMx = 0.02 BSFMx = 0.04 BSFMx = 0.06

E 76.67 76.99 77.392 78.053
E 112.61 112.45 112.03 112.80

A1-1 141.76 141.88 142.64 143.31
A1-2 171.43 171.05 172.11 172.89

pnma 200.74 201.38 203.34 205.78
A1-3 226.61 227.47 230.80 234.49

E 251.23 253.53 259.69 264.92
E 273.72 275.8 286.47 —

pnma 298.05 299.78 313.95 294.87
E 348.13 353.32 343.83 —
E 372.68 380.91 374.02 361.13

pnma 397.33 411.95 406.72 394.90
A1-4 428.90 442.21 440.26 432.93

E 459.09 469.92 470.06 465.64
pnma 484.76 496.11 497.29 495.72

E 535.62 525.24 527.48 527.32
E 600.15 587.81 593.70 595.79

pnma 624.89 616.55 622.52 621.96

Figure 5. Fe2p3/2 orbital XPS fitting diagram of the BSFM films with different Sm content:
(a) x = 0 mol%; (b) x = 2 mol%; (c) x = 4 mol%; (d) x = 6 mol%. The black lines refer to the original
curve, the red lines refer to the fitting curve, and the blue lines refer to the background line.

Figure 7 shows the leakage current density curve (J–E) of the BSFM film with different
Sm content. The test electric field was 350 kV/cm. The asymmetry of leakage current of
positive and negative electric fields can be attributed to the different work functions of
the upper and lower electrodes. With an increasing doping amount, the leakage current
density decreased first and then increased. Under the same electric field, when the doping
amount was 4 mol%, the leakage current density reached the minimum value. Under a
350 kV/cm electric field, the leakage current density of the BSFMx = 0.04 film reached
8.84 × 10−5 A/cm2. The leakage current density was about 0.5 orders of magnitude lower
than that of the pure BiFe0.98Mn0.02O3 film. Under normal circumstances, the leakage
current of the sample was affected by oxygen vacancy content, which is mainly related to
the high-temperature volatilization of Bi3+ and the variation in Fe3+. It can be seen from
XPS that the Fe2+ content and the oxygen vacancy content in the BSFMx = 0.04 film was the
lowest, resulting in the minimum leakage current density. In addition, grain boundaries
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hinder electron migration and reduce leakage current density. According to the SEM
results, the BSFMx = 0.04 film has the smallest grain size, indicating that it has more grain
boundaries and greater resistance to electron migration [26,42].

Figure 6. O1s orbital XPS fitting diagram of the BSFM films with different Sm content: (a) x = 0 mol%;
(b) x = 2 mol%; (c) x = 4 mol%; (d) x = 6 mol%. The black lines refer to the original curve, the red lines
refer to the fitting curve, and the blue lines refer to the background line.

Figure 7. Leakage current density curves of the BSFM films with different Sm content.

Figure 8a shows the hysteresis loops of the BSFM films with different Sm content
with an electric field of 1410 kV/cm and frequency of 1 kHz. The remanent polarization
intensities of BSFMx (x = 0−0.06) under the test electric field were 111.23, 83.30, 91.86,
and 73.59 μC/cm2. The coercive field Ec was 835.22, 819.28, 830.95, and 987.55 kV/cm,
respectively. When the content was less than or equal to 4 mol%, the change in the coercive
field was small. The defects inhibit ferroelectric domain flipping. In all the Sm-doped
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samples, the remanent polarization value increased first and then decreased with increasing
doping content. When the doping content was 4 mol%, the remanent polarization value
was the largest, and the ferroelectric property was the best, which was consistent with the
XRD analysis results. The possible reasons are as follows: (1) The leakage current density
of BSFMx = 0.04 has a minimum value compared with other samples. A smaller leakage
current density can improve the voltage resistance of the sample and facilitate electric
domain inversion [28]. (2) According to XPS experimental data, the BSFMx = 0.04 sample
had the lowest oxygen vacancy content, and the reduction of oxygen vacancy will improve
its ferroelectric performance. (3) Owing to its centrosymmetric characteristics, the Pnma
phase shows paramagnetic properties without ferroelectric properties, while the R3c phase
mainly affects the ferroelectric property of samples [43–45].

Figure 8. (a) P−E hysteresis loops, (b) dielectric permittivity, and (c) dielectric loss of the BSFM films
with different Sm content.

Figure 8b,c show that the dielectric permittivity (ε) and dielectric loss (tanδ) of the
BSFM films with different Sm contents vary with test frequency at room temperature in
the range of 1 kHz–1 MHz. From the figure, the dielectric permittivity of the sample has
little dependence on frequency, indicating that the sample has high intermediate frequency
stability. The results show that the dielectric permittivity values of BSFMx (x = 0−0.06)
at 10 kHz were 62, 89, 91, and 65. At the same frequency, the dielectric losses of BSFMx
(x = 0−0.06) were 0.034, 0.025, 0.026, and 0.027. In the low frequency range (<40 kHz), Sm
doping reduced the dielectric loss of the BSFM films. At the same time, Sm doping increased
the dielectric permittivity of the BSFM films, and the maximum dielectric permittivity was
obtained when the doping amount was 4 mol%. The existence of oxygen vacancies will
distort the free volume used to replace Fe3+ in the Fe-O octahedron, which reduces the
dielectric polarization and leads to a smaller dielectric permittivity [46]. As a result, the
BSFMx = 0.04 film with the lowest oxygen vacancy content has the maximum dielectric
permittivity.

BSFMx = 0.04 and BSFMx = 0.06 films were selected as representatives to explain the
aging behavior of samples. Figure 9 shows the electrical hysteresis loop diagram of the
BSFM films aged at room temperature for 110 d. The remanent polarization strength (2Pr)
of the BSFMx = 0.04 and BSFMx = 0.06 films after aging treatment decreased by 24.9%
and 41.3%, respectively, while the intensity of the coercive electric field (2Ec) decreased by
0.6% and 12.2%, respectively. This indicates that the two samples have different degrees
of aging. Among them, the aging degree of the BSFMx = 0.04 film was smaller. Ren et al.
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proposed the symmetric short-range order principle of point defects and inferred that the
aging effect could be triggered by ion doping [47–50]. Moreover, the migration of oxygen
vacancies led to the formation of complex defect dipoles in the sample. The symmetrical
short-range order of oxygen vacancies created conditions suitable for reversible domain
switching. In addition, the internal electric field formed during the orderly arrangement of
the defective dipoles will increase the offset of the coercive field, which directly explains
the asymmetry of the coercive field strength of the sample shown in Figure 9. The domains
within ferroelectrics can be switched under an applied electric field, exhibiting macroscopic
polarization. However, when the applied electric field is removed, the domain structure
gradually shifts to a random state, resulting in the degradation of properties over time,
namely, sample aging. The movement of oxygen vacancies in the sample to the domain
walls creates pin centers that provide resistance to the movement of the domain walls and
reduce the mobility of the domain walls. This, in turn, affects the ferroelectric properties
associated with the movement of the domain walls. According to the XPS data, compared
with the BSFMx = 0.06 film, the oxygen vacancy content in the BSFMx = 0.04 film was less,
which means that the defect dipole content of the sample was smaller. Thus, the resistance
of the domain wall to movement was smaller, leading to weak aging effects and better
retention of film performance. In addition, it can be seen from SEM images that the BSFMx
= 0.04 film had a smaller grain size than the BSFMx = 0.06 film. For small-grain crystals, due
to the small difference between lattice symmetry and defect symmetry, the thermodynamic
force driving the symmetry matching between them is weak, and this hinders the kinetic
migration of oxygen vacancies and affects reversible domain switching [47,51]. Therefore,
the BSFMx = 0.04 film with small grains aged slowly.

Figure 9. Comparison of hysteresis loops of the BSFM films with different Sm content measured after
an interval of 110 days: (a) x = 4 mol%; (b) x = 6 mol%.

4. Conclusions

In conclusion, Sm-doped BSFM films were prepared on ITO/glass substrates by
the sol-gel method. The effects of different Sm content on the leakage current density,
dielectric properties, and aging properties of the BSFM films were systematically studied.
Detailed explanations were made in terms of phase transition and oxygen vacancy. XRD
and Raman analyses show that the samples all contained R3c and Pnma phases, and the
samples with different Sm content had different phase composition. Sm doping led to
lattice structure distortion and decreases in the crystal plane spacing. XPS analysis showed
that the BSFMx = 0.04 thin film sample had the lowest oxygen vacancy content, indicating
that an appropriate amount of Sm doping can effectively inhibit the valence of the Fe
element. The decrease in oxygen vacancy increased the dielectric permittivity and the
leakage current density. The minimum leakage current density of the BSFMx = 0.04 film
sample was 8.84 × 10−5 A/cm2 in a 350 kV/cm electric field. The remanent polarization
intensity of the BSFMx = 0.04 film was 91.86 μC/cm2, owing to the formation of avnonpolar
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orthorhombic Pnma phase during the doping process. At the same time, the aging process
of BSFMx = 0.04 sample was slow, and the performance of the sample was better preserved.
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Abstract: CuInP2S6 (CIPS) is a novel two-dimensional (2D) van der Waals (vdW) ferroelectric layered
material with a Curie temperature of TC~315 K, making it promising for great potential applications
in electronic and photoelectric devices. Herein, the ferroelectric and electric properties of CIPS at
different thicknesses are carefully evaluated by scanning probe microscopy techniques. Some defects
in some local regions due to Cu deficiency lead to a CuInP2S6–In4/3P2S6 (CIPS–IPS) paraelectric
phase coexisting with the CIPS ferroelectric phase. An electrochemical strain microscopy (ESM)
study reveals that the relaxation times corresponding to the Cu ions and the IPS ionospheres are not
the same, with a significant difference in their response to DC voltage, related to the rectification
effect of the ferroelectric tunnel junction (FTJ). The electric properties of the FTJ indicate Cu+ ion
migration and propose that the current flow and device performance are dynamically controlled by
an interfacial Schottky barrier. The addition of the ferroelectricity of CIPS opens up applications in
memories and sensors, actuators, and even spin-orbit devices based on 2D vdW heterostructures.

Keywords: two-dimensional materials; ferroelectric properties; scanning probe microscope; negative
piezoelectricity; phase segregation

1. Introduction

Two-dimensional (2D) ferroelectric materials are gaining extensive attention. It can
effectively improve device performance when applied to devices such as memory, capaci-
tors, actuators, and sensors [1–4]. Nowadays, people regard such kinds of 2D materials as
var der Waals (vdW) layered ferroelectric materials, which benefit from covalently bonded
polar or non-polar monolayers by Van der Waals forces and exhibit ferroelectric properties.
However, reports of ferroelectric 2D materials at room temperature are rare. Because of the
depolarization field with decreasing thickness, there is an enormous challenge in maintain-
ing ferroelectricity in ultrathin ferroelectric films. Ferroelectricity is remained elusive in the
2D material library [5,6] Van der Waals (vdW) layered ferroelectric materials has become a
promising research branch in condensed matter physics [7,8], among which copper indium
thiophosphate, CuInP2S6 (CIPS), is one of the most representative materials because of its
room temperature ferroelectricity [9]. CIPS is promised to play an important role in non-
volatile memory. A recent experiment reported that the vdW ferroelectric tunnel junction

Nanomaterials 2022, 12, 2516. https://doi.org/10.3390/nano12152516 https://www.mdpi.com/journal/nanomaterials45



Nanomaterials 2022, 12, 2516

(FTJ) device based on CIPS achieved a high tunneling electroresistance (TER) ratio [10,11].
Quantum transport device simulations of an FTJ based on CIPS and graphene demonstrate
that scaling of the ferroelectric layer thickness exponentially not only significantly builds
up the ferroelectric tunneling ON current but also reduces the read latency, in addition to
enabling the FTJs with CIPS bilayers or trilayers to read speed in nanoseconds [12]. There
are also outstanding endurance and retention characteristics for FTJ devices [3].

It was reported that giant intrinsic negative longitudinal piezoelectricity was ob-
served in 2D layered CIPS. Lu You et al. [12] tested the converse piezoelectric effects of
poly(vinylidene difluoride (PVDF), CIPS, and lead zirconate titanate (PZT) using a piezo-
electric microscope and concluded that the electromechanical properties of CIPS are the
same as those of PVDF with a negative longitudinal piezoelectric effect but opposite to
those of PZT. This abnormal electromechanical phenomenon is caused by the significant
deformation sensitivity of the weak interlayer interaction and is mediated by the high
displacive instability of Cu ions. Several groups have discussed the origins of negative
piezoelectricity. Yubo Qi and Andrew M. Pappe [13] attributed the negative piezoelectricity
to the “lag of Wannier center” effect by proposing a negative clamped-ion term in the
low-dimensional layered materials. John A. Brehm et al. [14] combined first-principles
calculations with local electromechanical material characterization. They predicted and
verified the existence of a uniaxial quadruple potential well for Cu displacements achieved
by the van der Waals gap in CIPS. This led to the explanation that the negative longitudinal
piezoelectric coefficient stems from the low polarization and very high sensitivity to a
strain of the Cu atoms within the layer. Due to the negative piezoelectricity, CIPS has more
complex piezoelectric properties, which gives it potential application prospects for 2D
vdW materials with the same complex piezoelectric behavior in calculation and energy
conversion. Therefore, it is crucial to study the piezoelectric behavior of CIPS.

Recently, to achieve resistance changes by ferroelectric switching, a ferroelectric field-
effect transistor (FeFET) has been proposed, which uses ferroelectric materials instead of
the oxide layer in a FET [15–17]. The causesFeFET exhibits two resistive states due to the
hysteresis of ferroelectric switching. Furthermore, ferroelectric tunneling junctions and
ferroelectric diodes were also investigated. It is reported that the polarization-modulation
of Schottky-like barriers realizes the resistive change [18,19]. Yet, the vast majority of these
devices use conventional ferroelectric materials such as PbTiO3 and BaTiO3 [20]. Affected by
the three-dimensional nature of the ferroelectric oxide lattices, it is necessary for epitaxially
grown high-quality films to select the substrates with a small lattice mismatch [21]. This
seriously limits the possible application of materials in ferroelectric heterostructure devices.
Therefore, it may be fundamentally and practically beneficial to study weakly bonded
non-oxide ferroelectric compounds. Beyond that, the pioneering work on graphene has
attracted an intense search for other 2D materials [22,23].

In this work, the crystal structure and ferroelectricity in crystalline CIPS nanoflakes
are investigated at room temperature. Thin layer crystals in their pristine state show
ferroelectric domains that are visualized directly. Piezoresponse force microscopy (PFM)
measurements show that the polarization is stable and switchable in different layers of CIPS,
and a negative piezoelectric effect is observed. Furthermore, we observed the ion migration
phenomenon in CIPS via electrochemical strain microscopy (ESM). Finally, to obtain insight
into the nature of the TER phenomena in the CIPS—based FTJs, we investigated their
current—voltage (I–V) characteristics with a conductive probe microscope.

2. Experimental Section

2.1. Sample Preparation and Structural Characterization

All CIPS crystals were purchased from 6Carbon Technology (Shenzhen, China). The
purchased synthetic bulk crystals were mechanically exfoliated onto platinized silicon
substrates to obtain the flakes. The flake thickness was measured with a three-dimensional
(3D) laser confocal microscope (VK-X1100, KEYENCE CORPORATION., Itasca, IL, USA)
and an atomic force microscope (AFM, Cypher S, OXFORD INSTRUMENTS, Abingdon,
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Oxfordshire, UK). The microscope objective lenses used in our experiments are ×5, ×10,
×20, ×50, ×100, and the microscopic ocular is ×5. The numerical aperture and working
distance of the microscope objective lens with ×100 magnification are 0.3 mm and 4.7 mm,
respectively. The confocal Raman system (LabRAM HR, HORIBA Instuments(SHANGHAI)
co. LTD, Shanghai, China) with 532 nm laser excitation was used to collect Raman spectra.
The morphologies and structures of the as—prepared samples were collected by transmis-
sion electron microscopy (TEM, JEM-3200FS, JEOL (BEIJING) Co., Ltd. GUANGZHOU
BRANCH, Beijing, China).

2.2. Piezoelectric Force Microscopy (PFM) Measurements

The PFM measurements were performed on μm—sized CIPS flakes on the crystal
surface. The silver paste was used to attach the sample to the sample stage, which served
as an electric back contact. PFM image scanning measurements were performed using
a piezoelectric force microscope (PFM) with Au- and diamond-coated Si cantilever tips
(FM-LC, 100 kHz and 8 N/m), respectively. The cantilever tip acted as a local variable
electrode. The electric voltage was applied to the sample surface via the conductive PFM
tip. The sample was cleaved using Scotch tape directly before the measurements. The
topography of CIPS flakes was probed in AC mode, while the piezoelectric and ferroelectric
responses were measured using dual AC resonance tracking PFM (DART-PFM) mode. The
local piezoresponse hysteresis loops were measured 10 times at each position at multiple
different arbitrary points.

2.3. Electrochemical Strain Microscopy (ESM) Measurements

Relaxation and variable ESM measurements were performed using an atomic force
microscope. Conductive Au- and diamond-coated Si cantilever tips (FM-LC, 100 kHz, and
8 N/m) were used in all measurements.

2.4. Conductive Atomic Force Microscopy (C-AFM) Measurements

Local current-voltage and current phase diagram measurements were performed
by C-AFM using with Au- and diamond-coated Si cantilever tips (FM-LC, 100 kHz, and
8 N/m). I–V curves were collected perpendicular to the CIPS samples in C-AFM mode.

3. Results and Discussion

3.1. Structural Characterization

The room-temperature crystal structure of CIPS was first discovered in 1995 using
single-crystal X-ray diffraction [24]. Bulk CIPS is composed of vertically stacked, weakly
interacting layers bound together by vdW interactions. The metal cations and P–P pairs
fill the octahedral voids in the sulfur framework in a CIPS crystal (Figure 1a). A complete
unit cell is reported to consist of two adjacent monolayers due to the site exchange between
Cu and the P–P pairs from one layer to another [25]. Figure 1b shows two typical Raman
spectra measured in different regions of a CIPS flake on a Pt/Si substrate. In general, we
observed five Raman active modes, including δ(S–P–P) modes at 162.9 cm−1, δ(S–P–S)
modes around 226.1 cm−1, and 263.3 cm−1, an active mode from the cations at 303.2 cm−1,
andυ(P–P) and υ(P–S) modes at 374.3 cm−1 and 436.4 cm−1, respectively. The tested Raman
results are consistent with the former reports on CIPS crystals [26,27]. P–S bond stretching
vibrations (υ) can be resolved to A1g + A2u + Eu + Eg. The S–P–S modes change the S–P–S
angles, resulting in another set of A1g + A2u + Eu + Eg. The P–P bond is associated with
bending the PS3 groups, which accounts for Eu + Eg. Twisting (P2S6)4− oscillation is related
to the A1u mode [27]. The Raman spectra in orange showed a strong peak at ~303 cm−1,
which corresponds to the cations [26]. The blue curve showed a weak and broad peak at
~303 cm−1, which is mainly related to the reduction of Cu content. It is believed to originate
from the paraelectric phase of CIPS–IPS, where IPS stands for In4/3P2S6, appearing in
the flake due to Cu+ deficiency [26,27]. The transmission electron microscope (TEM)
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images show two structures on the same CIPS flakes (Figure 1c), which correspond to the
monoclinic and triclinic phases, consistent with the Raman spectrum.

Figure 1. Material characterization of CIPS flake. (a) Top and side views of the CIPS crystal structure.
In the atomic model, the yellow networks are S triangular networks, and the green, purple, and blue
balls are P, In, and Cu atoms, respectively. (b) Raman spectra of CIPS flakes, including ferroelectric
and paraelectric phases on the Pt substrate with 532 nm laser excitation. (c) The TEM characterizations
of CIPS crystal include fast Fourier transform (FFT, right) and filtered inverse FFT (middle) patterns
of the selected areas, respectively.

3.2. Ferroelectric Domain and Domain Switching

To approve the ferroelectricity of CIPS flakes with different thicknesses, the domain
distribution of the CIPS flakes was investigated in 3 nm, 9 nm, 12 nm, 21 nm, 35 nm, and
78 nm CIPS flakes by piezoresponse force microscopy (PFM). The domain evolution of
the CIPS flakes was observed with height, amplitude, and phase images, as shown in
Figure 2a–f. The domain size varied with the increasing thickness of the CIPS. As shown
in Figure 2a–f, the size of the ferroelectric domains increases with the thickness of the
CIPS flakes. Domains vary in size but are on the order of ~100 nm and ~1 μm in diameter,
respectively, different from reports in the literature [7]. In our experience, it is easy to
observe clear domain structures in CIPS flakes with thicknesses in the thickness range from
20 to 40 nm, as shown in Figure 2d,e. We observed the reversed piezoelectric effect in
the typical amplitude-voltage “butterfly” loops by scanning the piezoresponse hysteresis
loops in dual AC resonance tracking PFM (DART-PFM) mode. There are regions where the
ferroelectric inversion loop disappears in the 20 nm CIPS flakes, which may be related to
the paraelectric phase caused by Cu2+ segregation.

According to the above results, we chose the CIPS sample with a thickness of
20 nm to investigate the ferroelectric switching behavior. Well-defined butterfly loops
of the saturated PFM amplitude and the distinct 180◦ switching of the phase signals were
observed, as shown in Figure 3a,b, indicating switchable ferroelectric polarization in the
CIPS flakes with different thicknesses (28 nm and 20 nm). We divided the hysteresis
loops into four sections, as shown in Figure 3a–c, and observed that the direction of the
polarization switching of CIPS was consistent with that of PVDF [28], showing negative
piezoelectricity, which arose from the low polarization of Cu atoms in the CIPS layer [14].
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We still observed abnormal butterflies and switching of the phase loops in the 25 nm and
20 nm CIPS, however, as shown in Figure 3c,d. There are the following several possible rea-
sons for the abnormal switching loops: One, when sweeping the electric fields in the reverse
sequence, the piezoelectric response curves show asymmetric shapes. This phenomenon
was attributed to the existence of remnant-injected electrons. Due to the different diffusion
distances in both the positive and negative electric range, the injected electrons cannot be
eliminated absolutely when applying a lower electric field [29]. Two, the abnormal hystere-
sis loops may also relate to negative electrostriction and electrostatic signal contributions
accompanied by charge injection during scanning [30]. Three, abnormal domain switching
is generated due to in-plane ionic migration in CIPS [31]. Since the Cu is deficient, when
applying an electric field, a few regions of the CIPS undergo a chemical phase separation
into a paraelectric In4/3P2S6 phase and a ferroelectric CuInP2S6 phase [32]. Abnormal
hysteresis loops may be from the local paraelectric phase of the CuInP2S6–In4/3P2S6 region
due to Cu deficiency [27].

Figure 2. PFM images including height, amplitude, and phase image (upper three), and height curves
(bottom row) of CIPS flakes with different thicknesses. (a) 3 nm, (b) 9 nm, (c) 12 nm, (d) 21 nm,
(e) 35 nm, and (f) 78 nm.

To investigate the in-plane ionic migration, we carried out a relaxation test to analyze
the local ionic dynamics of CIPS via electrochemical strain measurements (ESM), as shown
in Figure 4 [33,34]. As schematically shown in Figure 4a, a direct-current (DC) voltage
is applied on top of an AC voltage to induce a longer-range redistribution of ions in
CIPS flakes during the probe. After removing the DC voltage, the ions relax back to their
original equilibrium state. The local dynamics can be deduced from the time constant
associated with the relaxation of ESM amplitude, as shown in Figure 4b. The DC voltage is
applied on top of the AC following the profile shown in Figure 4a to induce a longer-range
redistribution of Cu+ ions; meanwhile, polarizing the sample over a larger scale. The
faster relaxation shown in Figure 4d corresponds to the Vegard strain directly related to
the ionic concentration of Cu+. While slower relaxation in Figure 4d is because of the
induced electrochemical dipoles and results from the readjustment of the negative InP2S6

−
in response to the redistributed Cu+. The process takes longer over a much shorter distance.
This phenomenon verifies our conjecture that the IPS paraelectric phase forms in the Cu-
absent region due to the Cu ion migration, with no ferroelectric polarization switching.
That is, the relaxation of Cu ions is associated with the change in ferroelectric polarization
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after the addition of voltage, and the longer time is related to the saturation phenomenon
of polarization specific to CIPS reported in the literature.

Figure 3. Ferroelectric polarization switching by PFM for CIPS flakes with different thicknesses. The
PFM amplitude (green) and phase (blue) hysteresis loops during the switching process for CIPS
flakes with thickness of (a) 28 nm, (b) 20 nm, (c) 25 nm, and (d) another area of the sample with the
thickness of 20 nm.

Figure 4. Relaxation dynamics in local electrochemical strain measurements of CIPS. (a) Illustrated
DC profile applying in the relaxation measurements. (b,d) ESM amplitude-time and phase-time
curves were obtained corresponding to the DC profile. (c) Zoomed—in relaxation curves of (b) were
recorded after removing negative and positive DC voltage, respectively.
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3.3. Electric Properties of Pt/CuInP2S6/Au FTJ

CIPS by itself is the only two-dimensional ferroelectric material with a ferroelectric
transition temperature (Tc) just over room temperature. Based on the above studies, we
have observed the paraelectric phase in CIPS flakes, but it is rarely reported whether the
paraelectric phase affects the device’s performance. In this work, we used conductive
AFM to study the electric properties of a CIPS FTJ as shown in Figure 5. The electrical
characterization of an Au/CIPS/Pt vdW FTJ is shown in Figure 5a for a device with a
2-nm-thick CIPS layer. Figure 5b,c shows the topography and current images of the CIPS
flakes. The leakage current scanning was performed within a 3 × 3 μm2 area at a read
voltage of 10 mV. The observed local conductive path regions indicated good electrical
conductivity in the CIPS flakes.

Figure 5. Electrical characterization of a Si/Pt/CIPS/Au diode with1.7 nm CIPS. (a) Schematic
representation of the experimental setup for C-AFM measurements. (b) Topography image of the
CIPS nano flake with a thickness of 2 nm on the Si/SiO2/Ti/Pt substrate. The inset shows the height
map of the CIPS flake. (c) The corresponding current phase diagram of CIPS flakes. (d) I–V curves
measured with increasing sweep voltages, where VMax is from 2 to 3.5 V. (e) Ion and Ioff are the on
and off current of the FTJ with resistance switching behavior, which are also corresponding to the
low and high resistance states, read from (d) under different scanning voltages, with the inset the
calculated switching ratio based on (d).

Figure 5d presents the I–V curves of a CIPS FTJ, measured with varying sweep ranges
(Vmax from 2 V to 3.5 V). We can observe resistive switching in both positive and negative
voltage ranges, demonstrating that FTJ has superior continuous current modulation and
self-rectification functions. The I–V curves show a nonsymmetrical contour, and worse
symmetry appears with increased voltage. This corresponds to the Cu2+ migration process.
Before the Cu2+ migration, a Schottky barrier must be overcome. Due to the difference
in the work functions between Au and Pt, the current of the I–V curve under a positive
voltage and a negative voltage is asymmetric. The current limiting behavior in the negative
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range is similar to the rectifying effect of diodes. As the applied voltage increases, the
I–V curves show more obvious hysteresis in the positive range, which is always regarded
as a resistance switching behavior. As shown in Figure 5e, the Ion and Ioff correspond
to the on-current and off-current when applying different voltages during the resistance
switching. As shown in the inset of Figure 5e, the Ion/Ioff of the FTJ with an ultra-thin
CIPS film is over 200, which is comparable with the previous results [10], indicating that
CIPS has good development prospects in the research on and application of nonvolatile
memory devices.

4. Conclusions

In summary, we clearly observed the domain structure of CIPS with a thickness
of 20–40 nm in PFM measurements and found that the hysteresis loop of CIPS showed
the same negative longitudinal piezoelectric effect as PVDF, indicating the complexity of
the piezoelectric response of CIPS. We used electrochemical strain microscopy (ESM) to
further study Cu2+ segregation and discovered different relaxation times between the Cu2+

and an InP2S6
2− ion groups, with both ions showing significant differences in their DC

voltage response. These observations imply that in the regions where the ferroelectric
inversion loop cannot be observed, Cu2+ segregation occurs, and InP2S6

2− paraelectric
phase is formed. In addition, the Cu2+ relaxation is related to the change in the ferroelectric
polarization after the application of voltage, and the longer relaxation time is relevant
to the distinctive ferroelectric polarization saturation in CIPS2. Finally, we constructed a
Pt/CIPS/Au FTJ. We observed resistance switches in the positive and negative voltage
ranges, demonstrating that FTJ has superior continuous current modulation and self-
rectification functions. Combined with its piezoelectric characteristics, layered ferroelectric
CIPS is suitable not only for memory, but also for sensors, actuators, and even spin-orbit
devices based on vdW heterostructures.
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Abstract: Ferroelectric thin film capacitors have triggered great interest in pulsed power systems
because of their high-power density and ultrafast charge–discharge speed, but less attention has
been paid to the realization of flexible capacitors for wearable electronics and power systems. In
this work, a flexible Ba0.5Sr0.5TiO3/0.4BiFeO3-0.6SrTiO3 thin film capacitor is synthesized on mica
substrate. It possesses an energy storage density of Wrec ~ 62 J cm−3, combined with an efficiency of
η ~ 74% due to the moderate breakdown strength (3000 kV cm−1) and the strong relaxor behavior.
The energy storage performances for the film capacitor are also very stable over a broad temperature
range (−50–200 ◦C) and frequency range (500 Hz–20 kHz). Moreover, the Wrec and η are stabilized
after 108 fatigue cycles. Additionally, the superior energy storage capability can be well maintained
under a small bending radius (r = 2 mm), or after 104 mechanical bending cycles. These results reveal
that the Ba0.5Sr0.5TiO3/0.4BiFeO3-0.6SrTiO3 film capacitors in this work have great potential for use
in flexible microenergy storage systems.

Keywords: flexible; film capacitor; Ba0.5Sr0.5TiO3/0.4BiFeO3-0.6SrTiO3; energy storage properties

1. Introduction

At present, the energy crisis and environmental pollution have aroused widespread
concern. In order to solve these problems, it is necessary to develop and utilize clean
and sustainable energy sources and energy storage devices [1–4]. At present, advanced
energy storage techniques include batteries, superconducting magnetic energy storage
systems and electrochemical/dielectric capacitors [5,6]. Among them, dielectric capacitors
are attracting immense research interest in pulsed power systems due to their unique
features of high-power density (up to 108 W kg−1) and short charge−discharge time
(10−3–10−6 s) [7–12].

For dielectric capacitors, the energy storage capability (recoverable energy storage
density Wrec, energy storage efficiency η) can be calculated by [13,14]:

Wrec =
∫ Pm

Pr
E dP (1)

W =
∫ Pm

0
E dP (2)

η =
Wrec

W
× 100% =

Wrec

Wrec + Wloss
× 100% (3)
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where W, Wloss, E, Pm and Pr represent the total energy storage density, the energy loss
density, applied electric field, the maximum polarization and the remanent polarization
during the discharge process, respectively. Therefore, Wrec can be improved by increasing
the difference between Pm and Pr and enhancing the electric breakdown strength (Eb).

Currently, commercial biaxially oriented polypropylene (BOPP) has been widely
employed in power inverter capacitor systems. The bottleneck problems faced by BOPP
are its limited Wrec of (<2 J cm−3) and poor thermal stability (<80 ◦C), which inevitably
burden the weight of the device, increase the difficulty of structure design and narrow
the working temperature window [15–17]. In recent years, inorganic dielectric capacitors
using oxide thin films as functional elements have been widely studied due to their
relatively high Wrec compared with organic dielectrics. Recent investigations into the
energy storage characteristics of several representative dielectric capacitors have been
summarized and listed in Table 1. Obviously, energy storage properties such as Wrec and η
have been studied in film capacitors containing BiFeO3(BFO)/BaTiO3(BTO)/SrTiO3(STO).
For example, Huang et al. reported that introducing Sr in BTO can effectively reduce the
coercive field (Ec) and Pr, leading to an enhanced Wrec and η [18]. Pan et al. demonstrated
that a giant Wrec of ~70 J cm−3, together with a high η, can be achieved in lead-free 0.4BFO-
0.6STO films through domain engineering [6]. They also designed a 0.25BFO-0.3BTO-
0.45STO ternary solid solution system, in which a high Wrec of up to 112 J cm−3 and an η
of ~80% were obtained coexistence of the rhombohedral and tetragonal nanodomains in a
cubic matrix [19]. Moreover, in Bi doped STO, ferroelectric relaxation behavior is observed,
which plays a decisive role in the high energy storage property, especially the ultra-high
η [20–23].

Table 1. Comparison of energy storage performance of different types of materials.

Materials Substrate
Pm-Pr

(μC/cm2)
E

(kV·cm−1)
Wrec

(J·cm−3)
η (%) T (◦C)

Fatigue
(Cycles)

Bending
Test

Ref.

organic

P(VDF-TrFE-
CTFE) ~10 4000 9 <150 [19]

VDF/PVDF ~8 8200 27.3 67 <85 [24,25]
P(VDF-CTFE) 9 5750 17 [26]
P(MDA/MDI) ~3.2 8000 12 >90% RT-180 [27]

inorganic

BST-BF Pt/Ti/SiO2/Si ~30 4800 48.5 47.57 30–120 [28]
SBTMO Pt/Ti/SiO2/Si 34.3 1380 24.4 87 30–110 [20]

BFO-STO Nb:SrTiO3 ~45 3850 70.3 70 −50–100 107 [6]
BZT/BZT Nb:SrTiO3 ~33 7500 83.9 78.4 −100–200 106 [29]

PBZ Pt/TiOx/SiO2/Si 65 2801 40.18 64.1 −23–250 [30]

PLZST (La0.7Sr0.3)MnO3/
Al2O3(0001) 55 4000 46.3 84 27–107 105 [31]

HZO SiO2/Si 30 4500 46 53 25–175 109 [32]
Si-HZO Si 3500 50 80 25–125 109 [33]
BBTO Pt/Si 40 2000 43.3 87.1 20–140 108 [34]

NBT-BT/BFO Pt/TiOx/SiO2/Si 43.19 2400 31.96 61 25–120 [35]

Mn:NBT-BT-
BFO Pt/F-mica 97.8 2285 81.9 64.4 25–200 109

r = 2 mm
or 103 at
r = 4 mm

[36]

PLZT LaNiO3/F-Mica ~64 1998 40.2 58 30–180 107 2 × 103 at
r = 4.5 mm [37]

BZT Indium Tin Oxide
(ITO)/F-mica ~25 4230 40.6 68.9 −120–150 106

r = 4 mm
or 103 at
r = 4 mm

[38]

BST/0.4BFO-
0.6STO Pt/F-mica 56.79 3000 62 74 −50–200 108

r = 2 mm
or 104 at
r = 4 mm

This work

Poly(vinylidene fluoride-trifluoroethylene-chlorofluoroethylene) (P(VDF-TrFE-CTFE), vinylidene fluoride/Poly(vinylidene fluoride)
(VDF/PVDF), Poly(vinylidene fluoride- chlorofluoroethylene) (P(VDF-CTFE), poly(diaminodiphenylmethane-diphenylmethane di-
isocyanate) (P(MDA/MDI), 0.1BiFeO3-0.9Bi0.2Sr0.7TiO3 (BST-BF), (Sr0.85Bi0.1)Ti0.99Mn0.01O3 (SBTMO), 0.4BiFeO3-0.6SrTiO3 (BFO-
STO), BaZr0.15Ti0.85O3/BaZr0.35Ti0.65O3 (BZT/BZT), Pb0.8Ba0.2ZrO3 (PBZ), Pb0.97La0.02Zr0.66Sn0.23Ti0.11O3 (PLZST), Hf0.3Zr0.7O2 (HZO),
Si-Hf0.5Zr0.5O2 (Si-HZO), BaBi4Ti4O15 (BBTO), 0.94(Bi0.5Na0.5)0.94TiO3-0.06BaTiO3/BiFeO3 (NBT-BT/BFO), 0.97(0.93Na0.5Bi0.5TiO3-
0.07BaTiO3)-0.03BiFeO3 (Mn:NBT-BT-BFO), Pb0.91La0.09(Zr0.65Ti0.35)0.9775O3 (PLZT), Ba(Zr0.35Ti0.65)O3 (BZT), Ba0.5Sr0.5TiO3/0.4BiFeO3-
0.6SrTiO3 (BST/0.4BFO-0.6STO).
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With the rapid development of electronic devices leaning toward miniaturization
and integration, flexible electronics have been an active research topic in various areas
due to their distinctive advantages of being portable, lightweight, foldable, stretchable
and even wearable [39–44]. Flexible and microscale dielectric capacitors as energy stor-
age components are indispensable especially in next-generation micro-electrical power
systems. Nevertheless, most inorganic dielectric films are grown on rigid substrates due
to the lack of suitable flexible substrates. Common flexible polymer substrates, such as
polyimide (PI) or polyethylene naphthalate (PEN), have very excellent mechanical com-
pliance but they cannot withstand the high crystallization temperature of inorganic films
due to their low melting point (PI ~ 520 °C, PEN ~ 270 °C). Fortunately, the emergence
of MICAtronics provides a new idea to realize flexibility in oxide functional films with
two-dimensional mica as the substrate. This is due to the fact mica possesses ultrahigh
melting point (1000 °C–1100 °C) and atomically flat surface, making it more compatible
with the inorganic thin film preparation process.[45–47]. However, a flexible dielectric film
capacitor consisting of BFO, BTO, and STO elements has rarely been reported.

Considering that 0.4BiFeO3-0.6SrTiO3 (0.4BFO-0.6STO) is a relaxor ferroelectric with
an attractive relaxor feature and Ba0.5Sr0.5TiO3 (BST) is paraelectric with low dielectric loss
and high breakdown strength [6,48,49], a multilayer structure of BST/0.4BFO-0.6STO is
envisaged in this work based on the two potential energy storage elements. A series of
systematic studies about the energy storage capability are undertaken on the designed film,
which is deposited on flexible mica substrate using a sol-gel method. The capacitor shows
a high Wrec of ~62 J cm−3 and an η of ~74% simultaneously due to its relatively high Eb of
3000 kV cm−1 and strong relaxor behavior. Satisfyingly, prominent mechanical-bending
resistance is also realized in the flexible BST/0.4BFO-0.6STO film, in which the Wrec and η
have no obvious deterioration under various bending radii (r = 12–2 mm) and even after
104 bending cycles at r = 4 mm.

2. Materials and Methods

2.1. Film Fabrication

Firstly, the flexible mica substrate coated with bottom electrode was provided for de-
positing dielectric thin film. The fluorophlogopite mica [KMg3(AlSi3O10)F2] was purchased
from Changchun Taiyuan Fluorophlogopite Co., Ltd. (Changchun, China). The mica sheet
was washed with ethanol and water to get a cleaned surface. Then, a 20 nm thick Pt layer
was sputtered onto the surface under a 30 mA current in Ar atmosphere of 0.05 mbar, to be
used as the bottom electrode.

The multilayer BST/0.4BFO-0.6STO thin film was fabricated on Pt/mica substrate by
sol-gel. Precursor solutions of BFO, BTO and STO were prepared, respectively, with the
use of bismuth nitrate pentahydrate, iron nitrate nonahydrate, strontium acetate, barium
acetate and tetrabutyl titanate. Ethylene glycol and acetic acid were selected as solvents to
dissolve the solid raw materials. Here, 5 mol% excess bismuth was added to compensate for
element volatilization during the high temperature treatment. Subsequently, the tetrabutyl
titanate and acetylacetone were added into the solution. Meanwhile, 2 mol% manganese
acetate tetrahydrate was added to each solution to improve the electrical resistivity of
the film. The final concentration of each precursor solution was 0.15 M. Then, we used
proportionable BFO and BTO solutions, separately mixed with STO, to form solutions of
0.4BFO-0.6STO and BST. The solutions were stirred with a magnetic stirrer for 12 h and
further aged for another 48 h. The BST layer was first spin-coated on the substrate, and
0.4BFO-0.6STO layers were then deposited in situ on top of the BST layer. Both layers
were dried at 200 ◦C for 2 min, successively. Subsequently, each layer was pyrolyzed on a
hot plate at 300 ◦C for 5 min and annealed in a mini tubular furnace at 700 ◦C for 10 min.
Both components (0.4BFO-0.6STO and BST) were spin coated alternately 10 times, with the
ultimate sample consisting of twenty dielectric layers. For electrical measurements, Au
top electrodes with a diameter of about 200 μm were sputtered through a shadow mask to
form the capacitor structure. Finally, a simple mechanical peeling process was conducted
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to realize flexibility in the film by tearing off the bottom mica layer to reduce the thickness
to ~10 μm.

2.2. Characterization

The crystalline structure of BST/0.4BFO-0.6STO film was monitored in the 2θ range of
20–60◦ by an X-ray diffractometer (XRD, D8 ADVANCE, Karlsruhe, Germany). During the
XRD test, the scanning rate was 0.12 s per step, and the number of scanning steps was a
total of 2054 steps. The surface morphology was studied by a tapping mode atomic force
microscope (AFM, Bruker Dimension Icon, Santa Barbara, CA, US). The cross-sectional
microstructure and EDS spectrum were studied by a field-emission scanning electron
microscope (FESEM, ZEISS Gemini300, Oberkochen, Germany) using 2 kV acceleration
voltage and 10 kV acceleration voltage, respectively. The polarization electric field (P-E)
relations were examined by a standard ferroelectric tester (aixACCT TF3000, Aachen,
Germany) at room temperature, at a frequency of 10 kHz. In regard to temperature-
dependence polarization properties, the loops were measured from –50 to 200 ◦C with a
temperature interval of 25 ◦C at 10 kHz. The frequency dependent P-E measurements were
conducted at room temperature from 500 Hz to 20 kHz. The dielectric properties were
characterized by way of an impedance analyzer (HP4294A, Agilent, Palo Alto, CA, USA) at
a temperature range of −50 to 250 ◦C from 1 kHz to 100 kHz, with an oscillation voltage of
1.0 V. The temperature-related electrical measurements were carried out with the assistance
of a temperature-controlled probe station (Linkam-HFS600E-PB2, London, UK) with a
heating rate of 8 ◦C min−1. The cyclic bending tests were realized by using a homebuilt
stepper motor control system. The fast energy discharge behavior was evaluated by using
a home-built resistance-capacitance (RC) circuit with a load resistance of 100 kΩ.

3. Results

Figure 1a shows the XRD pattern of BST/0.4BFO-0.6STO film grown on Pt/mica sub-
strate. Visually, the film possesses a single perovskite phase with no detectable secondary
phase, suggesting that the film can be well crystallized. Figure 1b shows the surface AFM
image of BST/0.4BFO-0.6STO film. The average surface roughness (Ra) and root mean
square roughness (Rrms) of the film are determined to be 2.54 nm and 2.06 nm, respectively,
which may be attributed to the atomic flatness of mica substrate and high crystallinity of
the film. The obtained roughness is at the same level of the reported inorganic films [36,47].
The grain size distribution of the film is analyzed using the Nano Measurer software by
randomly selecting 100 grains. In addition, the average grain size value estimated from
the AFM image is 53.26 nm. Figure 1c shows the cross-sectional image of multilayer
film. From it, the film’s thickness can be determined to be ~350 nm. Furthermore, the
thickness of the bottom Pt electrode is about 20 nm. The ultimate film composition of the
BST/0.4BFO-0.6STO film is determined via EDS spectrum, as displayed in Figure 1d. The
atomic percentages (atom%) of O, Ti, Sr, Ba, Fe and Bi are 59.80, 16.44, 10.91, 5.14, 4.13 and
3.68, respectively, confirming a near perfect BST/0.4BFO-0.6STO stoichiometry.

The bipolar P-E loops for the BST/0.4BFO-0.6STO film in Figure 2a are measured
from a low electric field to 3000 kV cm−1 at room temperature, at a frequency of 10 kHz.
Figure 2b presents the corresponding energy storage parameters of the W, Wrec, Wloss and
η at various electric fields determined by P-E loops. The Wrec and η extrapolated from a
bipolar P-E loop under Eb (3000 kV/cm) are 62 J cm−3 and ~74%, respectively, which is
a relatively high level among the flexible dielectric films [37,50]. It can be seen that the
Pm and Pr are 63.52 μC cm−2 and 6.73 μC cm−2, respectively, which contributed a great
ΔP = 56.79 μC cm−2, and the result is beneficial for energy storage performance. This small
Pr can be due to the fact that BiFeO3-SrTiO3 is a relaxor ferroelectric and BST is paraelectric.
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Figure 1. (a) X-ray diffraction pattern in the 2θ range of 20–60◦, (b) AFM, (c) Cross-sectional SEM
images and (d) EDS spectrum of BST/0.4BFO-0.6STO thin film.

 

Figure 2. (a) The P-E loops for BST/0.4BFO-0.6STO under various applied electric fields. (b) The
calculated W, Wrec, Wloss and η values as functions of the electric field. (c) Two-parameter Weibull
analysis of dielectric breakdown strength. (d) Temperature-dependent εr and tanδ under the fre-
quency range of 1 kHz–100 kHz and the temperature range from −50 to 250 ◦C. (e) ln(1/εr−1/εm) as
a function of ln(T−Tm).

The Weibull distribution of Eb can be obtained through the following formula:

Xi = Ln(Ei) (4)

Yi = Ln
(
−Ln

(
1 − i

n + 1

))
(5)

where Ei, i and n signify the breakdown electric field, the serial number of tested specimens
and the total number of tested specimens, respectively. Based on the Weibull distribution
function, there exists a linear relationship between Xi and Yi. The mean Eb for thin film
can be extracted from the intersect points of the fitting lines and the horizontal axis at
Yi = 0. The solid fitting straight line shown in Figure 2c is the Weibull analysis result
of ten data gathered from our thin film. It can be observed that the slope parameter β
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is 9.32, which indicates both the good composition uniformity and high dielectric relia-
bility of BST/0.4BFO-0.6STO [47]. The average Eb extracted by the horizontal intercept
is about 3010 kV cm−1. The temperature-dependent dielectric permittivity (εr) and loss
(tan δ) of the BST/0.4BFO-0.6STO film exhibit nearly flat permittivity peaks and frequency
dispersion over the range of −50 to 250 ◦C, as shown in Figure 2d, indicating the relaxor
characteristic. Notably, a broad and smeared peak of maximum εr appears, especially
near 150 ◦C. With increasing frequency, the maximum dielectric permittivity (εm) at Tm
decreases and Tm shifts to a higher temperature, which are important signatures of relaxor
behavior [48]. To evaluate the relaxor dispersion degree, a modified Curie–Weiss equation
of 1/εr −1/εm = (T − Tm)γ/C can be used to estimate the relaxor dispersion degree, where
εm represents the maximum dielectric constant at Tm, C is the Curie constant and γ is the
relaxor diffuseness factor. Generally, γ = 1 represents a normal ferroelectric, 1 ≤ γ ≤ 2
represents the relaxor ferroelectric behavior and γ = 2 is valid for a classical ferroelectric
relaxor [49]. After calculation, the γ for the film is 1.81 in Figure 2e, further evidencing the
relaxor feature.

The temperature and frequency stability, as well as the antifatigue property for the
sample, are evaluated, as shown in Figure 3. Firstly, the P-E hysteresis loops are measured
at 10 kHz under 2286 kV cm−1 in the temperature range of −50 to 200 ◦C. As illustrated in
Figure 3a, the P-E loops almost preserve their pinched shape, and the Pm and Pr values
have tiny changes. Correspondingly, the Wrec and η of BST/0.4BFO-0.6STO films fluctuate
slightly by 11% and 5% as shown in Figure 3b, which indicates the excellent thermal
stability of the energy performance of the film. In practical application, it is necessary to
meet the working temperature range of capacitors; for example, when in use in the fields
of hybrid electric vehicles (~140 ◦C), drilling operations (150–200 ◦C), or in outer space
and high-altitude aircraft (~−50 ◦C) [1,51–53]. The obtained temperature range in our film
can basically fulfil the requirement. Furthermore, as more attention is paid to electronics
technology, the requirement of reliability under high/low frequencies is highlighted. The
room temperature frequency dependent P-E loops are displayed in Figure 3c. When the
measured frequency rises from 500 Hz to 20 kHz, the changes of the Wrec and η values
are only 9% and 2%, respectively, as shown in Figure 3d. Furthermore, the energy storage
performance of the capacitor in long-term working conditions is also a key requirement for
practical application. To evaluate its long-term charging–discharging stability, the fatigue
endurance of BST/0.4BFO-0.6STO film is evaluated under 10 kHz at room temperature.
The P-E loops of samples over 108 charge–discharge cycles are exhibited in Figure 3e. It
can be seen that there is no obvious change in the hysteresis loop. The corresponding Wrec
and η present a negligible degradation of 6% and 2%, respectively, as shown in Figure 3f.
The weak dependence of the energy storage performance on the temperature, frequency
and fatigue cycles makes the BST/0.4BFO-0.6STO thin film more competent to work in
different complex environments.

It is generally believed that the bending strain S can be calculated using the equation
S = (tf + ts)/2r [54,55], where tf is the film thicknesses, ts is the substrate thicknesses and r
is the bending radius of the sample. The tf and ts for the BST/0.4BFO-0.6STO sample are
~350 nm and ~10 μm, respectively. Due to the limitations of stripping mica technology,
the minimum bent radius of mica is 2 mm. In this curved state, the calculated S (~0.25%)
is much less than the strain limit that the oxide film can withstand [56]. The mechanical
stability of the BST/0.4BFO-0.6STO film is further evaluated under flex-in (compressive
strain) and flex-out (tensile strain) modes at 2286 kV cm−1 and 10 kHz with different
bending radii (from 12 mm to 2 mm), as depicted in Figure 4a,b. Then, home-made molds
with different required bending radii are used to test mechanical stability. It can be seen
that the P-E loops keep its slim feature without obvious deterioration regardless of what
compressive strain or tensile strain it is under. As plotted in Figure 4c, when the bending
radius decreases from 12 mm to 2 mm, the corresponding Wrec and η variations are both
within 1%, indicating that the film possesses excellent bendability. The discharge energy
density–time plots under various compressive and tensile radii are shown in Figure 4d,e.
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Obviously, all curves are very similar. Figure 4f shows the bending radius dependence of
the discharged energy density and the discharge speed t0.9. The BST/0.4BFO-0.6STO film
possesses a high discharged energy density (Wdis) of ~32 J cm−3. Further, it can deliver
the energy in ~40 μs without significant differences with the change of bending radius,
exhibiting a fast charge–discharge rate and mechanical bending endurance.

Figure 3. (a) The P-E curves and (b) the corresponding Wrec and η measured from −50 to 200 ◦C at
2286 kV cm−1. (c) The P-E curves and (d) the corresponding Wrec and η with various frequencies
measured under 2286 kV cm−1. (e) The P-E curves and (f) the corresponding Wrec and η during the
108 fatigue cycles at 2286 kV cm−1. The measurements are realized at about 76% of Eb.

Figure 5a,b presents the P-E loops of the BST/0.4BFO-0.6STO sample in the flat and re-
flatted after experiencing repeated bending at r = 4 mm. Over the course of 104 cycles, nearly
unchanged P-E hysteresis shapes are observed, guaranteeing high mechanical stability of
the energy storage performances. As demonstrated in Figure 5c, the variations of the Wrec
and η are negligible, further ascertaining its bending–endurance property. Finally, the in-
fluences of the ferroelectric fatigue endurance are investigated with r = 4 mm (Figure 5d,e).
The energy storage performance is apparently undamaged even after 108 switching cycles
at a radius as small as of 4 mm.
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Figure 4. P-E loops measured at various (a) compressive radii and (b) tensile radii. The inset is the photographs of the
BST/0.4BFO-0.6STO film under different bending states. (c) Wrec and η as functions of the bending radius. The energy
discharge behaviors at various (d) compressive radii and (e) tensile radii. (f) Discharged energy density and discharge
speed as functions of bending radius. (The lines in Figure 4a,b,d,e from black to purple represent the measurements of the
bending radius of BST/0.4BFO-0.6STO film from ∞ to 2 mm, respectively.)

Figure 5. (a,b) P-E loops of BST/0.4BFO-0.6STO film under various bending cycles under the compressive and tensile states.
(c) Wrec and η as functions of bending number. (d,e) Wrec and η as functions of switching cycle during 108 fatigue cycles
under compressive and tensile bending states with r = 4 mm. The insets are the corresponding P-E loops. (The lines in
Figure 5a,b from black to green represent the measurements of the bending cycles of BST/0.4BFO-0.6STO film from 100 to
104, respectively.)

Finally, the core parameters of Eb, Wrec and η for energy storage properties are com-
pared with some previously reported representative dielectrics (Figure 6). As depicted
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in Figure 6a, the BST/0.4BFO-0.6STO film exhibits relatively high Wrec of 62 J cm−3 at
a moderate E of 3000 kV cm−1, which is much higher than HZO (46 J cm−3), BST-BF
(48.5 J cm−3) and NBT-BT/BFO (31.96 J cm−3) [28,32,35], but slightly inferior to Mn: NBT-
BT-BFO (81.9 J cm−3) and BFO-STO (70.3 J cm−3) [6,36]. In Figure 6b, it can be seen that
the obtained η of 74% in this work is lower than the reported dielectrics on rigid substrate,
such as SBTMO (87%), BBTO (87.1%) and PLZST (84%) [20,31,34] but reaches a relatively
high level among all the currently reported bendable inorganic dielectric film capacitors.
In view of the aforesaid observations, there is still much room for improvement of the η in
the flexible film capacitors, and it needs further research.

 
Figure 6. A comparison of the (a) Wrec and (b) η of the flexible BST/0.4BFO-0.6STO film capacitor reported in this study
and a number of film capacitors reported previously.

4. Conclusions

In this work, a high Wrec of ~62 J cm−3 and an η of ~74% are achieved in the
BST/0.4BFO-0.6STO film. The film shows superior thermal stability (from −50 to 200 ◦C),
frequency reliability (from 500 Hz to 20 kHz) and fatigue endurance (108 cycles). Most
importantly, prominent mechanical stability can also be obtained. The energy storage
behaviors show no obvious deterioration after undergoing different bending radii (from
12 to 2 mm), and even after 104 bending cycles. All of these outstanding performances
demonstrate that the designed flexible BST/0.4BFO-0.6STO thin film is expected to pave
the way for its application in flexible energy storage electronic devices.
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Abstract: Dielectric capacitors with ultrahigh power density are highly desired in modern electri-
cal and electronic systems. However, their comprehensive performances still need to be further
improved for application, such as recoverable energy storage density, efficiency and temperature
stability. In this work, new lead-free bismuth layer-structured ferroelectric thin films of CaBi4Ti4O15-
Bi(Fe0.93Mn0.05Ti0.02)O3 (CBTi-BFO) were prepared via chemical solution deposition. The CBTi-BFO
film has a small crystallization temperature window and exhibits a polycrystalline bismuth layered
structure with no secondary phases at annealing temperatures of 500–550 ◦C. The effects of annealing
temperature on the energy storage performances of a series of thin films were investigated. The
lower the annealing temperature of CBTi-BFO, the smaller the carrier concentration and the fewer
defects, resulting in a higher intrinsic breakdown field strength of the corresponding film. Especially,
the CBTi-BFO film annealed at 500 ◦C shows a high recoverable energy density of 82.8 J·cm−3 and
efficiency of 78.3%, which can be attributed to the very slim hysteresis loop and a relatively high
electric breakdown strength. Meanwhile, the optimized CBTi-BFO film capacitor exhibits superior
fatigue endurance after 107 charge–discharge cycles, a preeminent thermal stability up to 200 ◦C, and
an outstanding frequency stability in the range of 500 Hz–20 kHz. All these excellent performances
indicate that the CBTi-BFO film can be used in high energy density storage applications.

Keywords: CBTi-BFO; fine grain; electric breakdown strength; recoverable energy storage

1. Introduction

At present, energy and environmental issues are the focus of social attention. The
vigorous development of green and clean energy (such as wind and solar energy) is one
of the future trends. The instability and intermittency of green energy put forward higher
requirements for energy storage technology [1–5]. Dielectric capacitors typically display
ultrafast charge–discharge rates and long life-time, temperature/frequency stability, fatigue
resistance, which play key roles in various modern electrical and electronic systems, such
as hybrid electric vehicle, aircraft and military [6–9]. Film capacitors offer a smaller size
and higher energy storage density, making them easier to integrate into circuits than other
devices such as ceramic capacitors [10]. Currently, most commercial dielectrics are mainly
made of organic polymers, such as biaxially oriented polypropylene (BOPP), which have
been widely used as the dielectric layer in power inverter capacitor systems, making the
storage system bulky due to the low energy density (<5 J·cm3). Furthermore, the operating
temperature of BOPP cannot be higher than 80 ◦C, which increases the difficulty of structure
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design due to the need for an extra cooling system [11,12]. By contrast, inorganic dielectric
film capacitors have the advantages of relatively high energy densities, better thermal
stability in wider operating temperature ranges, and long-term endurance. Among this,
inorganic ferroelectric film capacitors (TFFCs) are considered as good candidates for energy
storage due to their large polarization and high temperature resistance [13,14]. However,
low energy storage density and efficiency limit its further development in energy storage
applications; thus, further improvements are needed.

For film capacitors, two important energy storage parameters, the recoverable en-
ergy storage density (Wrec) and energy storage efficiency (η), can be calculated from the
measured hysteresis loops adopting the following equations [15,16]:

Wrec =
∫ Pm

Pr
E dP (1)

Wt =
∫ Pm

0
E dP (2)

n =
Wrec

Wt
× 100% (3)

where E, Wt, Pm and Pr are the applied electric field, total energy storage density, the maxi-
mum polarization and remanent polarization during the discharge process, respectively.
Therefore, Wrec can be improved by increasing the difference between Pm and Pr, and the
electric breakdown strength (Eb). It is well known that the Eb of dielectric materials is
mainly contingent on its microstructure, such as grain size and degree of densification.
Therefore, increasing Eb by reducing grain size is an effective way to improve energy stor-
age performance [17]. Wang et al. sort out the relationship between grain size and electric
breakdown strength, confirming the optimization effect of energy storage via grain size-
engineering [6]. As is well known, the annealing temperature has an immense impact on the
quality of films prepared by chemical solution deposition (CSD). For instance, Wang et al.
unveil a large value of Wrec up to 91.3 J·cm−3 at 4993 kV·cm−1 for Pb0.88Ca0.12ZrO3 (PCZ)
antiferroelectric thin films by designing a nanocrystalline structure of the pyrochlore phase
by optimizing the annealing temperature to 550 ◦C [18]. However, the negative effect
caused by the application of lead-containing dielectrics to human health and environmental
sustainability cannot be ignored, and the exploration of lead-free energy storage materials
is raised in the agenda. For example, Zuo et al. investigate that a high Wrec of 8.12 J·cm−3

and a great η of ∼90% are obtained simultaneously in BiFeO3-BaTiO3-NaNbO3 ceramics,
which can be attributed to the significantly enhanced Eb of BiFeO3-based ternary solid
solutions originating from the increased resistivity and refined grain size [19].

Bismuth layer-structured ferroelectric (BLSF) compounds, such as SrBi2Nb2O9 (SBN),
SrBi2Ta2O9 (SBT), Bi4Ti3O12 (BIT), CaBi4Ti4O15 (CBTi), belong to a large category of ferro-
electric materials [13,20–22]. They have the advantages of excellent anti-fatigue property,
large dielectric constant and small dielectric loss, high resistivity and low leakage current
density, high ferroelectric Curie transition temperature, and so on [23–26]. Those traits
show a good application prospect in the field of dielectric energy storage, but there is little
research on BLSF compounds in this field [27,28]. This is mainly due to their intrinsic short-
comings, namely, relatively low polarization and high coercive field, which lead to lower
energy density and higher losses in energy storage applications [29]. Recently, Pan et al.
presented a composition modification method in ferroelectric Aurivillius Bi3.25La0.75Ti3O12
by introducing BiFeO3 to increase the polarization value and optimize hysteresis loops,
in which Wrec (113 J·cm−3) and η (80.4%) are observed. Yang et al. prepared a series of
0.6BaTiO3-0.4Bi3.25La0.75Ti3O12 thin films, and the modified thin film also shows higher di-
electric breakdown strength and polarization. CBTi is also a representative BLSF compound,
which exhibits distinct advantages including being lead-free and fatigue-free. Meanwhile,
it possesses a high Curie point of about 790 ◦C to be used in relatively high temperature
applications [30]. However, it also faces troubles of low spontaneous polarization.
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In this work, we select Bi(Fe0.93Mn0.05Ti0.02)O3 introduced into CBTi, namely, CBTi-
BFO, to reduce leakage current and enhance breakdown field strength. In order to further
optimize the energy storage performance of CBTi-BFO thin films, the effect of anneal-
ing temperature on their energy storage capacity has been studied in detail. We found
that the microstructures of the CBTi-BFO thin films can be dominated by adjusting the
annealing temperature. The CBTi-BFO film annealing at 500 ◦C possesses an excellent
Wrec of 82.8 J·cm−3 and η of 78.3%, simultaneously, due to the obviously enhanced Eb of
3596 kV·cm−1. Meanwhile, the film shows outstanding temperature/frequency stability up
to 150 ◦C and superior fatigue stability after 107 switch cycles. The findings overcome the
shortcomings of organic thin films in energy storage, including low energy storage density
and low application temperature, unveiling an effective way towards high performance
lead-free and eco-friendly ferroelectric materials for energy storage applications.

2. Materials and Methods

Fabrication: CBTi-BFO films were synthesized on Pt/Ti/SiO2/Si substrates by chemi-
cal solution deposition. Bismuth nitrate pentahydrate [Bi(NO3)3·5H2O], calcium nitrate
tetrahydrate [Ca(NO3)2·4H2O], iron nitrate nonahydrate [Fe(NO3)2·9H2O], manganese
acetate tetrahydrate [C4H6MnO4·4H2O] as raw materials were dissolved in ethylene glycol
and acetic acid. Here, 10 mol% excess Bi was added to compensate for elements volatiliza-
tion. After that, the tetrabutyl titanate and acetylacetone were added into the mixed
clarified salt solution. The final concentration of the precursor solution was 0.1 M. After
24 h of aging, the precursor solution was spin coated on Pt/TiO2/SiO2/Si substrates with
a speed of 4000 rpm for 30 s. After that, the as-prepared CBTi-BFO films were pyrolyzed
at 350 ◦C for 120 s and annealed at 450, 500, 550, 600 ◦C for 10 min in a rapid thermal
annealing procedure, respectively. The spin coating and annealing process procedures
were duplicated up till the desired thickness of 300~700 nm was obtained. Circular Pt top
electrodes, ~200 μm in diameter, were sputtered through a shadow mask on the films for
the next electrical measurements.

Characterization and Measurements: The crystalline structure of CBTi-BFO films was
characterized by an X-ray diffractometer (XRD) with Cu Kα radiation (XRD, D8 ADVANCE,
Karlsruhe, Germany). The cross-sectional microstructure and surface morphology were
characterized by a field emission scanning electron microscope (FESEM, ZEISS Gemini300,
Oberkochen, Germany). The polarization-electric field (P-E) loops and insulating char-
acteristic were acquired from a standard ferroelectric tester (aixACCT TF3000, Aachen,
Germany). The frequency-dependent dielectric properties and impedance data were mea-
sured using impedance analyzer (HP4294A, Agilent, Palo Alto, CA, US). Impedance data
were analyzed by a Z-view software. The temperature-dependent electrical performance
tests were completed with the help of a temperature-controlled probe station (Linkam-
HFS600E-PB2, London, UK).

3. Results

Figure 1 displays the X-ray diffraction (XRD) patterns of the CBTi-BFO films annealing
at four different temperatures and standard JCPDS cards of the target phases. From
Figure 1a, as the temperature is at a lower value of 450 ◦C, most of the diffraction peak of
Aurivillius phases have not appeared yet or just a bump, indicating that some amorphous
phases formed due to insufficient heat energy. Note that the CBTi-BFO films annealed at
500 and 550 ◦C show the (119) and (200) diffraction peaks accompanied with another peak
with low intensity, which are consistent with the reported results of other CBTi films with
Aurivillius phase, demonstrating a polycrystalline bismuth layered structure without any
second phase [31–33]. As the annealing temperature continued to rise to 600 ◦C, apart from
the Aurivilius phase, two diffraction peaks that do not belong to the characteristic of the
bismuth layered ferroelectric appeared near 15◦ and 30◦, which is due to the formation of
the pyrochlore phase of Bi2Ti2O7 [34–37]. Generally, the pyrochlore phase can be formed
frequently due to the bismuth element volatilize as the annealing temperature increases,
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resulting in the ratio of bismuth ions to titanium ions approaching 1:1. As shown in
Figure 1b, the diffraction peak of (119) slightly shifts to a large angle with the increase
of the annealing temperature, which may be caused by the release of surface residual
stress [38,39].

Figure 1. (a) X-ray diffraction (XRD) patterns in the 2θ range of 10–60◦ of the CBTi-BFO films annealed
at various temperatures. (b) Enlarged XRD patterns of the diffraction peaks of 2θ at around 30◦.

The SEM images clearly display the surface and the cross-sectional morphologies of
the CBTi-BFO thin films annealing at different temperatures. In Figure 2, the inset images
reveal that the thickness of all samples is approximately 550 nm. Meanwhile, all CBTi-BFO
thin films present compact and pore-free surface, which is favorable to energy storage
performance. As shown in Figure 2a, when the film is annealing at 450 ◦C, relatively
uniform fine grains can be noticed on the surface. As the temperature rises to 500 ◦C, the
grains absorb heat energy and thus, increase uniformly (Figure 2b). In sharp contrast, the
CBTi-BFO film annealing at 550 ◦C possesses different grains with a wide range of grain
size from ~17 to ~70 nm in Figure 2c. As the annealing temperature rises up to 600 ◦C, the
grain size further increases in the range of ~20 to ~85 nm (Figure 2d). The phenomenon
can be ascribed to: (i) different grain shapes corresponding to different orientations [40];
(ii) an inhomogeneous nucleation and grain-growth at a high annealing temperature [41].

It is well known that thin film with a high dielectric constant (εr) typically achieves
tremendous recoverable energy density and energy efficiency [27,42]. Figure 3a presents
the room-temperature frequency dependence of dielectric constant (εr) and the dissipation
factor (tanδ) of the CBTi-BFO thin films annealing at different temperatures. The εr value
of each film slightly decreases with the frequency raising, and increases obviously with
the annealing temperature increasing. The values of εr for the films annealing at 450 and
500 ◦C have slightly changed with the frequency increases, indicating that the samples
annealed at these two temperatures have better frequency stability. Generally, the dielectric
properties of ferroelectric film contain the intrinsic and extrinsic contributions, which could
be influenced by different factors, such as the grain size, preferred orientation, and so
on [43,44]. The reason that in the changes of εr with increasing annealing temperature may
be due to the fact that the increased annealing temperature resulted in the increased grain
size and reduced grain boundaries, leading to the enhancement of εr [27]. Moreover, the
dielectric loss (tanδ) gradually increases with increasing frequency in all samples. Besides,
all samples possess smaller loss (tanδ < 0.08) at 10 kHz.
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Figure 2. The scanning electron microscopic (SEM) images of the CBTi-BFO thin films annealed
at (a) 450 ◦C, (b) 500 ◦C, (c) 550 ◦C and (d) 600 ◦C, and the inset shows their corresponding cross-
sectional micrographs.

Figure 3. CBTi-BFO films annealed at 450, 500, 550 and 600 ◦C: (a) Frequency dependence of dielectric
properties. (b) Weibull distributions dielectric breakdown strengths. (c) Leakage current density as
a function of applied electric filed. (d) The bipolar P-E loops at 2500 kV·cm−1. (e) The bipolar P-E
loops around Eb, The inset shows the variation of Pmax, Pr, and Pmax-Pr as a function of annealing
temperature. (f) The variations of Wrec, Wloss and η values.

Generally, Eb is analyzed by two parameter Weibull statistics, which is closely affected
the energy storage performance of dielectric materials [45], as displayed in Figure 3b.
Meanwhile, the Eb endurance of four films with different annealing temperatures are
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demonstrated in the inset of Figure 3b. The Weibull distribution of Eb can be expressed by
the following formulas:

Xi = Ln(Ei) (4)

Yi = Ln(−Ln(1 − i
n + 1

)) (5)

where Ei is the breakdown electric field for each sample, i signifies the number of test
samples and n denotes the total number of test samples. Based on the Weibull distribution
function, the mean Eb for each film can be obtained from the intersection of the fitted
lines with the horizontal axis at Yi = 0. β represents Weibull shape parameter. It can be
observed that Eb increases rapidly with the annealing temperature decreasing, as shown
in the inset of Figure 3b. The average breakdown strength of the dielectric film increases
from 3241 kV·cm−1 to 3984 kV·cm−1, with the annealing temperature decrease from 600 to
450 ◦C. The enhancement of dielectric breakdown strength can be ascribed to the following
factor. It is well-known that electric breakdown field strength is inversely proportional to
the grain size (G), which can be manifested by the following formula:

Eb ∝ (G)−a (6)

where a is the exponent values, being in the range of 0.2–0.4 [6,46]. It can be seen that the
dielectric breakdown strength increases with the decreased grain size, which is aligned
with the results in Figures 2 and 3b. That is owing to grain boundaries producing depletion
regions similar to Schottky barriers located in semiconductor interfaces. Then, the grain
boundaries depletion layers establish important barriers for the cross-transport of ionic and
electronic charges [47]. Therefore, the Eb for CBTi-BFO film annealing at 450 ◦C is superior
to the films that have higher annealing temperature. The slope parameter β, related to the
scatter of Eb data, increases from 12.88 to 17.71 with the annealing temperature decrease
from 600 ◦C to 450 ◦C, indicating an enhancement in dielectric reliability by annealing
temperature decreasing. At the same time, the β of all films based on the linear fitting is
higher than 12, suggestive of all samples possessing high reliability.

Figure 3c represents the leakage current of all films, which are measured by applying
0–185 kV·cm−1 to the electrodes. The CBTi-BFO films annealed at 450 and 500 ◦C illustrate
well insulating properties with leakage current densities < 7 × 10−7 A cm−2 under an ap-
plied electric field of 185 kV·cm−1. The CBTi-BFO films annealed at 550 and 600 ◦C exhibit
higher leakage currents, which is ascribed to the greater grain size and the simultaneously
declined number of the grain boundary.

Presented in Figure 3d are bipolar polarization-electric filed (P-E) loops of the CBTi-
BFO films annealing at different temperatures applying the electric field of 2500 kV·cm−1 at
frequency of 10 kHz. With the annealing temperature decreasing, a monotonous decrease
of polarization (Pmax) is observed, from 33 μC cm−2 of 450 ◦C to 63 μC cm−2 of 600 ◦C.

Figure 3e shows P-E loops of CBTi-BFO films near their respective Eb annealing at dif-
ferent temperatures. It can be seen that the CBTi-BFO thin film annealing at 600 ◦C presents
a practically saturated P-E loop with a remnant polarization Pr of 20 μC/cm2, which is
lower than previous reports [32,33], suggesting that the derived CBTi-BFO thin films have
somewhat discrepant ferroelectric properties. For the CBTi-BFO thin films annealing at
lower temperatures, the obtained P-E hysteresis loops exhibit slim shape, which can be
ascribed to the function of lower leakage current and small crystallite size [48–50]. Figure 3f
presents the corresponding energy storage parameters of Wrec, Wloss and η determined from
P-E loops about all CBTi-BFO films. The value of Wrec and η for the CBTi film annealing at
500 ◦C, respectively, reaches 82.8 J·cm−3 and 78.3% due to an integration of remarkable Eb
of 3596 kV·cm−1 and a large polarization disparity of 52.3 μC cm−2 (inset of Figure 3e). It
is well known that the dielectric film can induce outstanding energy performance due to
high Pmax, low Pr and high electric breakdown strength. The lower annealing temperature
leads to more slender electric hysteresis loops and lower Wloss. Meanwhile, Eb is enhanced
with the decrease of the annealing temperature.
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Figure 4a–d show the Nyquist plots of films measured in the frequency range of 100 Hz
to 1 MHz at a series of temperatures (225–300 ◦C). As is known to all, a low-frequency arc
means the dielectric response of grain boundaries, while a high-frequency arc means the
dielectric response of grains. One semicircular arc is observed for the samples. As the grain
boundary dielectric relaxation of the material mainly contributes to the total impedance,
only the semi-circular arc corresponding to the grain boundary response is observed. The
intercept of impedance semicircular arcs on the Z’-axis can represent the total resistance
(Rb) values of the film. Clearly, the value of Rb gradually decreased with the increasing
measured temperature in each film, showing a negative temperature characteristic. This
phenomenon can be attributed to the fact that the mobility of the space charge becomes
easier, and more charge carriers will accumulate at the grain boundaries with the increasing
measured temperature, thus resulting in increased electrical conductivity and decreased
grain boundary resistance [51,52].

Figure 4. Nyquist diagrams of complex-plane of the CBTi-BFO films with annealing temperature of
(a) 450, (b) 500, (c) 550, (d) 600 ◦C measured at 20 V under four measured temperatures.

In order to compare the impedance differences of the four samples in more detail, we
separately take out the impedance diagrams tested at 300 ◦C and showed them in Figure 5a.
It can be seen that Rb of CBTi-BFO films gradually increases with a decreasing annealing
temperature, indicating that the charge carrier concentration decreases in low-temperature
annealed samples [53].

Generally, the energy required for carriers to cross the energy barrier is called conduc-
tive activation energy (Ea), which can be calculated by Arrhenius formula:

σ = σ0 exp(−Ea/kBT) (7)

where T, σ0, Ea and kB are the measuring temperature on the Kelvin scale, preexponential
factor, activation energy and Boltzmann constant, respectively. The plots of ln(σ) as a
function of 1000/T for the films and linear fittings are shown in Figure 5b. The activation
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energies (Ea) obtained from the slopes of fitting lines for films annealing at 450, 500, 550,
600 ◦C are estimated to be 1.21, 0.84, 0.68, 0.66 eV, respectively. Generally, the higher value
of activation energy means fewer defects exist in the film [54]. Thus, we can deduce that the
sample with the lowest annealing temperature has the least defects. Combining the above
two points, it can be seen that CBTi-BFO with lowest annealing temperature possesses the
smallest charge carrier concentration and fewer defects, which contribute greatly to the
observed highest intrinsic breakdown field in this film.

Figure 5. (a) The impedance and fit result of CBTi-BFO films measured at 300 ◦C. (b) Arrhenius plots
of CBTi-BFO films annealing at different temperatures.

For practical application, the requirement of reliability and stability is emphasized,
such as under high/low temperature, high/low frequency and long-term working
environments. Thus, in view of the CBTi-BFO film annealing at 500 ◦C possessing
large Wrec and η among all samples, further investigations are carried out on it under
an electric field of 2500 kV·cm−1. Firstly, the temperature stability of the CBTi-BFO
film annealing at 500 ◦C is measured. The bipolar P-E loops of the film measured
from relatively low temperature of −25 ◦C to ultrahigh temperature of 200 ◦C are
displayed in Figure 6a. For the purpose of expressing the variation of polarization more
clearly, the unipolar hysteresis loop diagrams’ dependence on temperature is drawn in
Figure 6d. It can be seen that the Pmax value varies slightly from 42.62 to 45.89 μC cm−2.
Correspondingly, Wrec values are slightly increased by 2% from 44.88 to 45.84 J·cm−3

and η is reduced by 6% from 80.04 to 75.19% with temperature increasing, as shown in
Figure 6g. The aforesaid energy storage performance of the film shows good temperature
stability, which is adequate to meet the demands of applications in extreme environments
(capacitors used in underground industrial instruments need to work at temperatures
higher than 150 ◦C and the inverter must work at about 140 ◦C in HEV) [55–57]. Besides,
frequency dependence of the energy storage behavior is also researched at 2500 kV·cm−1.
Figure 6b, e are the bipolar and unipolar hysteresis loops measured at the frequency
range of 500 Hz to 20 kHz, respectively; and the corresponding energy performance Wrec
and η are shown in Figure 6h. Clearly, the P-E loop can maintain a slim feature and no
discernible decline in energy storage performance can be discovered. Even though the
frequency rises from 500 Hz to 20 kHz, the Wrec and η values slightly drop from 48.71 to
43.80 J·cm−3 and 83.94 to 77.47%, respectively, indicating that a good frequency stability
can be realized. Furthermore, to assess the long-term charging–discharging stability of
dielectric capacitors, the fatigue endurance should be investigated. The P-E loops of
CBTi-BFO film annealing at 500 ◦C over 107 charge–discharge cycles are exhibited in
Figure 6c, f. It can be seen that there is no obvious change in the hysteresis loops. The
corresponding Wrec and an excellent η present a negligible degradation with 1% and 0.3%
as shown in Figure 6i. The observed superior antifatigue feature is closely related to the
(Bi2O2)2+ layer in the Aurivillius phase, which has a good insulating effect inhibiting the
flow and generation of leakage charges during the repeated polarization process. Thus,
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the Aurivillius phase can more effectively suppress the electrical breakdown during the
fatigue process and improve the anti-fatigue performance.

Figure 6. CBTi-BFO thin film annealed at 500 ◦C: (a–c) bipolar P-E hysteresis loops measured at
different temperatures/frequencies/switching cycles; (d–f) unipolar P-E hysteresis loops of CBTi-
BFO films at different temperatures/frequencies/switching cycles; (g–i) the changes of Wrec and η

depending on temperature/frequencies/switching cycles.

Figure 7 summarizes a serious of results on the energy storage performance of Aurivil-
lius ferroelectric films [12,13,27,28,58–60]. In this study, the CBTi-BFO thin film annealing
at 500 ◦C possesses a relatively high η (~78%) superior than BaLa0.2Bi3.8Ti4O15 (BLBT~60%)
and Bi3.25La0.75Ti3O12/BiFeO3/Bi3.25La0.75Ti3O12 (BLT/BFO/BLT~74%), but inferior to
Ba2Bi4Ti5O18 (BBT~92%), 0.6BaTiO3-0.4Bi3.25La0.75Ti4O12 (0.6BT-0.4BLT~84%), CaBi2Nb2O9
(CBNO~82%), Sr2Bi4Ti5O18 (SBT~81%), Bi3.25La0.75Ti3O12-BiFeO3 (BLT-BFO~80%). In con-
trast, its Wrec clearly outperforms the surveyed dielectric systems with a high η. That is, the
CBTi-BFO thin film annealing at 500 ◦C has excellent comprehensive properties, namely, a
good balance between Wrec and η. Meanwhile, the film has a great Eb (~3596 kV·cm−1) at a
high level. Taken together, the CBTi-BFO thin film annealing at 500 ◦C is a good candidate
for application in energy storage devices.
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Figure 7. Summary of recently reported the core parameters of Eb, Wrec and η for energy storage
properties of representative Aurivillius ferroelectrics film [12,13,27,28,58–60].

4. Conclusions

In this work, a series of CBTi-BFO thin films are prepared by chemical solution
deposition under different annealing temperatures. We found that by optimizing the
microstructures and crystalline structure of films via adjusting the annealing temperature,
the electrical properties and energy storage performance can be greatly improved, especially
in the film with a relatively lower annealing temperature. In the annealing temperature of
500–550 ◦C, CBTi-BFO thin films demonstrates a polycrystalline bismuth layered structure
without any second phase. The CBTi-BFO with the lowest annealing temperature has the
smallest carrier concentration and fewer defects, which greatly contribute to the highest
intrinsic breakdown field of this film. Here, ultrahigh energy storage density of Wrec
(~82.8 J·cm−3) and η (~78.3%) are achieved in the CBTi-BFO film that annealed at 500 ◦C.
The excellent energy storage performance can be ascribed to its uniform fine grain size. The
film also shows superior thermal stability (from −25 to 200 ◦C), frequency stability (from
500 Hz to 20 kHz) and fatigue endurance (after 107 switching cycles). In a word, annealing
temperature plays an important part in performance tuning, which is a vital factor needed
to be considered for preparing thin film capacitors with high energy storage characteristics.
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Abstract: A magnonic metamaterial in the presence of spatially modulated Dzyaloshinskii–Moriya
interaction is theoretically proposed and demonstrated by micromagnetic simulations. By analogy
to the fields of photonics, we first establish magnonic Snell’s law for spin waves passing through
an interface between two media with different dispersion relations due to different Dzyaloshinskii–
Moriya interactions. Based on magnonic Snell’s law, we find that spin waves can experience total
internal reflection. The critical angle of total internal reflection is strongly dependent on the sign
and strength of Dzyaloshinskii–Moriya interaction. Furthermore, spin-wave beam fiber and spin-
wave lens are designed by utilizing the artificial magnonic metamaterials with inhomogeneous
Dzyaloshinskii–Moriya interactions. Our findings open up a rich field of spin waves manipulation
for prospective applications in magnonics.

Keywords: spin waves; Dzyaloshinskii–Moriya interaction; ferromagnetism; spintronics

1. Introduction

Magnonics (or magnon spintronics) is an emerging field concentrating on the genera-
tion, detection and manipulation of magnons, the quanta of spin-wave, in ferromagnetic or
antiferromagnetic metals and insulators [1–9]. As spin waves in magnetic insulators exhibit
both low energy dissipation and long coherence length, these constitute a competitive alter-
native to electronic devices and are deemed to be a promising candidate as a high-quality
information carrier [10–13]. Over the past decades, many properties of spin waves have
been demonstrated experimentally, in analogy with electromagnetic waves: excitation and
propagation [14–18], reflection and refraction [19–22], interference and diffraction [23–25]
and tunneling and the Doppler effect [26–28].

Thus, far, based on recent progress in the fabrication of magnetic nanostructures, various
device concepts have been proposed, such as spin-wave logic gates and circuits [10,29,30],
waveguides [31,32], multiplexors [33], splitter [34] and diodes [35]. The implementations
of those devices is usually achieved by the application of external local magnetic fields [26],
spin current [28,36] and magnetic textures (for example, the chiral domain wall) [29,31,37] to
control the dispersion relation of spin waves, thereby, steering the spin-wave propagation
properties. Despite the soundness of the concepts, however, there are some inherent
drawbacks and obstacles to applications. First, generating a local high-frequency magnetic
field on micro-sized devices complicates the structure design, and the local field is often
spatially inhomogeneous, which can inhibit the benefits of the device [38]. In addition,
unstable magnetic textures under external excitation and at room temperature may give
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rise to poor reliability and high bit-error rates. Therefore, it is desirable to find a new
method to manipulate the propagation of spin waves.

Recent discoveries in graded-index magnonics and magnonic metamaterials provide
a new way to manipulate spin-wave propagation [39,40], which is inspired by the fields
of graded-index photonics (or photonic metamaterials) [41–43]. The core idea of graded-
index magnonics is to manipulate spin-wave propagation by designing a spatially varied
magnonic refractive index. In magnetic thin films with in-plane magnetization, the spin-
wave dispersion relation described by the Landau–Lifshitz–Gilbert (LLG) equation exhibits
a much more complex structure compared to the isotropic dispersion relation of light. This
offers extremely rich opportunities to modulate the magnonic refractive index.

Up to now, it has been shown that the graded magnonic refractive index can be created
by modification of the material properties, such as non-uniform saturation magnetization
or exchange constant [44–47], the magnetic anisotropy [19,20] or the internal magnetic
field [37,48]. This index can be also achieved by utilizing a non-uniform external magnetic
field [39,49–51], electric field (voltage) [52,53] or temperature [54,55]. Therefore, graded-
index magnonics are expected to overcome the current limitation of magnonics and pave
feasible routes for the implementation of spin-wave devices.

In this paper, we theoretically propose a magnonic metamaterial, in which we modu-
late the refractive index of spin waves with the inhomogeneous Dzyaloshinskii–Moriya
interaction (DMI) to avoid a barely controllable local magnetic field and unstable mag-
netic textures. The DMI is an antisymmetric exchange interaction arising from the lack of
structural inversion symmetry in magnetic films [56,57]. It has been found both for bulk
materials [58–60] and magnetic interfaces [61].

Here, we focus on a spatial inhomogeneous interfacial DMI present in ferromag-
net/heavy metal (FM/HM) bilayers realized by tuning the thickness of ferromagnetic layer
or HM layer [62–65], the degree of hybridization between 3d-5d states [66] or utilizing a
local gating [67]. We begin our work by rapidly deriving the spin-wave dispersion relation
with spatially modulated DMI. Then, we further study spin-wave refraction and reflection
at the interface between two magnetic media with different DMI and build a generalized
Snell’s law of spin waves, similar to Snell’s law in optics.

According to the magnonic Snell’s law, spin-wave can also experience total internal
reflection (TIR) at the DMI step interface when their incident angle is larger than a critical
value (i.e., the critical angle). Moreover, magnonic Snell’s law and TIR are observed and
confirmed by micromagnetic simulations. Utilizing the artificial magnonic metamaterials
based on spatially modulated DMI, a spin-wave fiber owing to TIR (which can transmit
spin waves over a long distance) and a spin-wave lens holding tremendous possibility to
build spin-wave circuits are proposed as proofs of concept.

The paper is organized as follows. In Section 2, we introduce our theoretical model
and method. Detailed results of micromagnetic simulations are presented in Section 3.
Then, we discuss the realization of spin-wave fibers and lenses in Section 4. Finally, we end
the paper with a summary in Section 5.

2. Analytical Model

2.1. Magnonic Snell’s Law

We consider a thin magnetic film in the x − y plane with the thickness much smaller
than lateral dimensions of the film (Lz � Lx, Ly), whose initial magnetization is homo-
geneous along the ŷ direction. The magnetization dynamics are governed by the LLG
Equation [68],

∂m

∂t
= − γ

Ms
m × He f f + αm × ∂m

∂t
, (1)

where m is the unit direction of local magnetization M = Msm with a saturation magneti-
zation Ms. α is the phenomenological Gilbert damping constant, and γ is the gyromagnetic
ratio. Here, He f f = A∗∇2m − D∗(x)(ẑ ×∇)× m − K∗myŷ is the effective field [69], and
A∗ = 2A/μ0Ms, D∗(x) = 2D(x)/μ0Ms, K∗ = 2K/μ0Ms. A is the symmetric exchange
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constant, D(x) is the interfacial antisymmetric DMI constant spatially inhomogeneous
along the x direction, K is the in-plane anisotropy and μ0 is the permeability of vacuum.
Under the perturbative approximation, the small-amplitude spin waves propagating in the
x − y plane take the following form [70]:

m = ŷ + δm exp [i(k̂ � r̂ − wt)], (2)

where δm = (δmx, 0, δmz) is the spin-wave contribution to magnetization (|δm| � 1).
δk = (kx, ky, 0) is the spin-wave wavevector. Considering the system shown in Figure 1,
we use a DMI step (i.e., D = D1 in medium A and D = D2 in medium B) to induce a
difference in spin-wave dispersion relations between two magnetic domains. Inserting
Equation (2) into Equation (1) and neglecting higher order terms, we obtain the spin-wave
dispersion relation in each region [71,72],

ω(kn) = γμ0(K∗ + A∗k2
n − D∗

nkn,y), (3)

with D∗
n = 2Dn/μ0Ms and kn =

√
k2

n,x + k2
n,y. The spin-wave group velocity is vg,n =

∂ω/∂kn = 2A∗kg,n, where kg,n = kn − δnŷ and δn = D∗
n/2A∗. To simplify the model,

we assume that the group velocity is parallel to the phase velocity at each point of the
dispersion relation—that is to say, the dispersion relation is isotropic.

Equation (3) represents an isofrequency circle with radius kg,n in momentum space,
whose center deviates from the origin by δn in −ŷ direction as illustrated in Figure 2a.
Nevertheless, in the magnetic films with in-plane magnetization, the spin-wave dispersion
relation is anisotropic at low frequencies, where dipolar contribution dominates. When
increasing frequency, the isofrequency contours smoothly transform through elliptical to
almost circular. Consequently, the dispersion relation is isotropic as determined by the
exchange interactions at high frequencies. In the following simulations, we use quite high
frequency spin waves (100 GHz), and thus the spin-wave dynamic is determined by the
exchange interactions.
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Figure 1. Schematic illustration of spin-wave transmission and reflection at an interface between
media A and B with different interfacial DMI in a thin YIG film. The interfacial DMI step here is
realized by utilizing two different HM layers (HM1 and HM2) below the YIG film. The blue arrows
along the ŷ direction denote the magnetization m. ki, kt and kr are the wave vectors of the incident,
refracted and reflected spin-wave shown as the yellow and red arrows, respectively. θi,t,r denote
their angles with respect to the interface normal. The red double-headed arrow shows the Gaussian
distribution AC Magnetic field h(t) exciting the spin-wave.
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(a) (b) (c)

I

II

Figure 2. (a) Schematic illustrations of reflection and refraction of spin-wave at an interface between
two different media in wave vector (kx − ky) space. The pink and green circles indicate the individual
frequency contours of the allowed modes in the same-color-coded media A and B, respectively. The
color-coded arrows denote the spin-wave vectors k propagating in each medium, as indicated by
the incident (pink) and refracted (green) rays. The blue arrow denotes the critical angle. (b) Phase
diagrams of critical angle θC in the D1 − D2 plane. No TIR exists in the white regions. (c) Critical
angle θc as a function of DMI constants D2 with a fixed DMI constant D1 = 4 × 10−3 J/m2. The
symbols (red squares) are simulation data, and the solid curve represents the analytical results of
Equation (5).

Based on translation symmetry considerations, the refraction angle obeys the general-
ized Snell’s law, which guarantees continuity of the tangential components of the k vector
across the DMI step interface along the ŷ axis, such that ki,y = kt,y [19,20,37]. Consequently,
the generalized magnonic Snell’s law based on modifying the dispersion relation with
inhomogeneous DMI can be rewritten in the following form:

kg,i sin θi + δi = kg,t sin θt + δt, (4)

where kg,n =
√
(ω/γμ0 − K∗)/A∗ + δ2

n is the value of kg,n. Here, the generalized Snell’s
law shown in Equation (4) is derived for an interface between two spin-wave media with
different material parameters (interfacial DMI), which can be viewed as graded-index
magnonic metamaterials. However, this is different from Snell’s laws based on the interface
inside magnetic textures, such as chiral domain walls (the interface formed by two opposite
magnetic domains) [37].

2.2. Total Internal Reflection

Analogously to the case of electromagnetic waves in photonics or acoustic waves in
phononics, spin waves are also expected to be completely reflected by the interface when a
spin-wave travels from a denser medium with a higher refractive index to a thinner medium
with a lower refractive index known as TIR. TIR occurs when the incident angle θi ≥ θc,
where θc is often called the critical angle. When θi = θc, the refracted spin-wave travels
along the interface between the two media or the angle of refraction θt is π/2. According
to the magnonic Snell’s law in Equation (4), the critical angle can be expressed as

θc = arcsin

(
kg,t − δ

kg,i

)
, (5)

where δ = δi − δt. Specifically, Equation (5) shows that θc equals π/2 when the DMI is
homogenous (D1 = D2), i.e., all incident spin waves are fully transmitted and no reflection
occurs. Furthermore, when δ (the difference between DMI in two regions) is chosen to
be large enough, a gap falls in between the two isofrequency circles and TIR occurs at
all incident angles (i.e., θc = 0). Equations (4) and (5) are the main analytical results in
our paper.
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3. Micromagnetic Simulations

To test the validity of these analytical findings in realistic situations, micromagnetic
simulations have been proven to be an efficient tool for the investigation of spin-wave
dynamics in various magnetic textures and geometries. The simulations here are per-
formed in the GPU-accelerated micromagnetic simulations program MuMax3 [73], which
solves the time-dependent LLG Equation (1) based on the finite difference method. In
our simulations, we used typical magnetic parameters for YIG at zero temperature [74]:
Ms = 0.194 × 105 A/m, A = 3.8 pJ/m and K = 104 J/m3.

All simulations presented here were performed for a thin film of size Lx × Ly × Lz,
which discretized with cuboid meshes of dimensions lx × ly × lz. The lateral dimensions
of unit mesh (lx and ly) and the thickness of the film Lz are all smaller than the exchange
length of YIG [3]. The simulations were implemented with the mesh size 2 × 2 × 2 nm3.
The simulations were split into two stages: the static and dynamic stage. In the first stage,
the static stage, the magnetic configuration is stabilized by minimization of the total energy
starting from the random magnetic configuration with a high value of damping (α = 0.5).

In the dynamic stage of the simulations, the equilibrium magnetic configuration was
used to excite a spin-wave beam that propagates through the film with a small damping
parameter (α = 0.0005) to ensure long-distance propagation. During this step, a Gaus-
sian type spin-wave beam was continuously generated by a harmonic dynamic external
magnetic field following a Gaussian distribution function in a small rectangular region
(red double-headed arrow shown in Figure 1). The detailed description of the Gaussian
spin-wave beam generation procedure can be found in Ref. [75–77].

The Gaussian spin-wave beam is clearly visible and does not change with time after
continuously exciting a sufficiently long time, which corresponds to a steady spin-wave
propagation. Moreover, to avoid spin-wave reflection at the boundaries of the film, ab-
sorbing boundary conditions are applied on all boundaries by assigning a large damping
constant (α = 1) near the edges.

In order to verify the magnonic Snell’s law in Equation (4) for the spin-wave propa-
gation through a DMI step interface, we focus on a 4 μm × 4 μm × 2 nm nanowire. The
spin-wave beams presented here are all exchange-dominated spin waves with 200 nm beam
width and 30 nm wavelength generated by an external AC magnetic field with frequency
f = 100 GHz. The phase diagram of the critical angle θc in the D1 − D2 plane is shown in
Figure 2b. As D1 < D2 in the white region I, spin waves transmit from a thinner medium
with a lower refractive index to a denser medium with a higher refractive index, and thus
no TIR happens.

A gap falls in between the two isofrequency circles—in other words, TIR occurs in
all incident angles when δ is chosen to be large enough as shown in the white region II.
Figure 2c shows the critical angle as a function of the DMI constant D2 in medium B, where
the DMI constant of medium A is fixed at D1 = 4 × 10−3 J/m2. All incident angle spin
waves are totally reflected at a small D2 corresponding to Region II in Figure 2b. After that,
the critical angle increases monotonically with D2 and shows a good agreement with the
analytical results.

In Figure 3a, we show the refracted angle θt as a function of the incident angle θi from
micromagnetic simulations (red triangle) and the prediction from Equation (4) (blue curve)
with DMI constants D1 = 4 × 10−3 J/m2 and D2 = 3.5 × 10−3 J/m2, respectively. The
micromagnetic simulation for the five different incident angles, θi = 17◦, 41.5◦, 44◦, 51.2◦
and 67◦, are displayed in Figure 3b–f. Figure 3b–d correspond to the refraction mode, and
Figure 3e,f are the total reflection mode. Vertical dashed lines correspond to the interface at
x = 2000 nm between medium A (left) and medium B (right).

The critical angle observed in our simulation is estimated to be θc = 51.2◦ as shown
in Figure 3e. It is important to comment that the spin-wave propagation direction is not
strictly perpendicular to the spin-wave wavefronts in our simulation. That is to say, it is
easy to observe strong anisotropy in the propagation of spin waves. Typically, for in-plane
magnetized films, spin waves dynamics are anisotropic. This means that iso-frequency
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dispersion relation lines (IFDRLs, slices of dispersion relations for particular frequencies)
are not circular. Therefore, the group velocity and phase velocities (parallel to the wave-
vector) are not parallel to each other, since the group velocity direction should be normal to
the IFDRLs [78].

Such an intrinsic anisotropy called spin-wave collimation effect is common in ferro-
magnetic films with the magnetization fixed in the plane of the film by an external magnetic
field or a strong in-plane anisotropy [75–77]. However, in the present case, the symmetry
of the spin-wave dispersion relation is broken due to the presence of DMI, and the wave
vector can be shifted from the direction perpendicular to spin-wave wavefronts [70]. This
anisotropy decreases with the increasing frequency of the spin-wave but it is still present at
the high frequency f = 100 GHz assumed in our simulations.

Moreover, a lateral shift �GH of the spin-wave beam is observed at the interface
between the reflected and the incident beams, which is called the Goos–Hänchen (GH)
effect. The GH effect for spin-waves was reported in Refs. [75–78]. Furthermore, detailed
investigations elucidating the role of inhomogeneous DMI on the GH shift in the reflection
of the spin-wave at the interface were discussed in Ref. [22].
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Figure 3. (a) The refracted angle as a function of the incident angle. Vertical dashed and solid lines
correspond to the critical angle θc. (b–f) The micromagnetic simulations results for spin-wave beam
reflection and refraction under different incident angles (b) θi = 17◦, (c) θi = 41.5◦, (d) θi = 44◦,
(e) θi = 51.2◦ and (f) θi = 67◦. The DMI constants in medium A and B are D1 = 4 × 10−3 J/m2 and
D2 = 3.5 × 10−3 J/m2, respectively. The color map shows the z component of the magnetization in
the snapshot of micromagnetic simulations at some selected time. The black solid lines correspond to
the rays of the incident and refractive beams. The red rectangular area is the excitation area of the
spin-wave, and the exciting field frequency is f = 100 GHz.

4. Spin-Wave Fiber and Lens

We now turn to the realization of the spin-wave fiber and spin-wave lens, which are
important to manipulate spin waves in spin-wave circuitry. Two kinds of spin-wave fiber
have been proposed and designed, one based on the TIR by the magnetic domain wall [37]
and the other based on the TIR in the medium with a uniform external magnetic field [51].
Here, utilizing the TIR at the interface with a DMI step, we propose a new type of spin-wave
fiber as shown in Figure 4a of system size 12 μm × 1.6 μm × 2 nm. The DMI constant in the
core (region II, |x| ≤ 400 nm) is 0.5 × 10−3 J/m2 surrounded by transparent cladding FM
layers (region I, |x| ≥ 400 nm) with a lower index of refraction (D = −0.4 × 10−3 J/m2).
Two DMI steps are formed with the critical angle θc = 48◦.
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The upper one is located at x = −400 nm and the lower one is located at x = 400 nm.
In Figure 4a, the spin-wave beam born at the middle of the nanowire (blue bar) propagates
inside the core with an incident angle of 52◦ greater than θc. This is different from the uni-
directional spin-wave fiber based on domain walls [37]. The fiber here is fully bidirectional
for both right/left-moving spin-wave beams when the incident angle is greater than the
critical angle.

More interestingly, a bound spin-wave mode propagates a long distance inside the
DMI step interface as illustrated in the inset of Figure 4a. Similar to the bound spin wave
mode inside a domain wall, which acts as a local potential well for spin waves [31,79], a
DMI step also creates an imaginary potential well for the bound spin wave mode [80]. The
details will be discussed in our future publications.

(b)(a)

Figure 4. (a) Schematic illustration of a spin-wave fiber. The inset shows the enlarged figure at
the interface. (b) Schematic illustration of a spin-wave convex lens. In all of the above figures, the
color map shows z component of the magnetization in the snapshot of micromagnetic simulations
at some selected time. The spin-wave trajectories are represented by solid red lines with an arrow.
The simulated propagation of the spin wave excited by a AC source in blue bars with an exciting
frequency f = 100 GHz.

A fundamental building block in spin-wave circuitry is a spin-wave lens that can
focus or diverge spin-wave beams. Since the dispersion relation strongly depends on DMI
constant, we propose a spin-wave lens by tuning the DMI distribution in the film. Figure 4b
illustrates an example of a spin-wave convex lens (region I inside red dotted lines) with a
DMI constant inside/outside the lens D = 0.5/−0.4 × 10−3 J/m2, respectively. The size of
the sample presented here is 6 μm × 6 μm × 2 nm.

Comparing the solid blue lines along the incident spin-wave beam propagation direc-
tion and the spin-wave trajectory (solid red lines with an arrow) passing through the lens,
it is easy to observe focusing in the propagation of spin waves. Furthermore, a concave
spin-wave lens can be obtained by reversing the DMI constants of regions I and II, which
can be used to spit the spin-wave beams. Consequently, we believe that the inhomogeneous
DMI can be a good playground to study spin-wave beam propagation [81].

5. Conclusions

In conclusion, we both theoretically and numerically studied spin-wave beam propa-
gation in a two-dimensional ferromagnetic film with an inhomogeneous interfacial DMI.
Utilizing a spatially varied magnonic refractive index introduced by the variation of DMI,
a magnonic metamaterial or graded-index magnonic material can be realized. Snell’s law
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and TIR for spin waves were predicted with a DMI step interface. Moreover, we designed
and studied spin-wave fibers and spin-wave lenses via micromagnetic simulations. We
believe that our findings shall open up alternative directions for building reconfigurable,
stabilized and scalable spin-wave circuitry in magnon introspection devices.

However, the parameters that we adopted in our simulations to investigate spin-wave
propagation in the presence of spatially modulated DMI are not meant to represent a
specific material but rather to explore the physical conditions under which the spin-wave
total reflection occurs. From the materials standpoint, we acknowledge that the dual
requirements of low damping and large DMI may seem incompatible since spin–orbit
coupling originating from the adjacent heavy metal layer is detrimental to the former but
central to the latter.

The excitation of short-wavelength propagating spin waves with a wavelength of 45 nm
in a YIG thin film covered by Co25Fe75 nanowires was reported in a recent experiment [82],
where the effective damping was only enhanced to about 10−3. Recent progress in materials
science has proven that certain magnetic insulators do possess sizable DMIs either in their
bulk [83–85] or at the interface [86–88]. Although these values remain small (typically
∼ 10−3–10−2mJ/m2), these results open interesting perspectives for the achievement of
large DMIs in magnetic insulators.
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Abstract: Magnetoelectric (ME) coupling is highly desirable for sensors and memory devices. Herein,
the polarization (P) and magnetization (M) of the DyFeO3 single crystal were measured in pulsed
magnetic fields, in which the ME behavior is modulated by multi-magnetic order parameters and
has high magnetic-field sensitivity. Below the ordering temperature of the Dy3+-sublattice, when the
magnetic field is along the c-axis, the P (corresponding to a large critical field of 3 T) is generated due
to the exchange striction mechanism. Interestingly, when the magnetic field is in the ab-plane, ME
coupling with smaller critical fields of 0.8 T (a-axis) and 0.5 T (b-axis) is triggered. We assume that the
high magnetic-field sensitivity results from the combination of the magnetic anisotropy of the Dy3+

spin and the exchange striction between the Fe3+ and Dy3+ spins. This work may help to search for
single-phase multiferroic materials with high magnetic-field sensitivity.

Keywords: multiferroic materials; anisotropy; DyFeO3; magnetoelectric coupling; pulsed high
magnetic field

1. Introduction

Multiferroic materials [1–7], with the coupling of two or more ferroic orders, have been
attracting much attention due to their intriguing physics and great application potential.
The Pbnm structured orthoferrites RFeO3 (R = rare earth element) have great potential
value for application as magnetoelectric (ME) devices based on the mutual control of mag-
netization (M) and electric polarization (P) [8–11]. For example, at lower temperatures, the
application of a large critical magnetic field along the c-axis induces a multiferroic (weakly
ferromagnetic of Fe3+-sublattice and ferroelectric) state in DyFeO3, and the magnetic field
induced P results from the movement of the Dy3+ ions toward the Fe3+ ions and backward,
corresponding to the exchange striction [12]. The ME coupling and P are decided by the
spin configurations of both Fe3+ and Dy3+ ions. In DyFeO3, Fe3+ ions (S = 5/2) exhibit
the GxAyFz (magnetic configuration in Bertaut’s notation below its Néel temperature of
the Fe3+-sublattice TN(Fe) = 650 K) [13–16], in which the main component of the magnetic
moment of Fe3+ ions lies along the a-axis, and due to the Dzyaloshinskii–Moriya interaction
(DMI), a small fraction of the moment is canted along the c-axis, causing weak ferromag-
netism (wFM) in the material [17]. With decreasing temperature, the spin-reorientation
(Morin) transition occurs at TSR (in the range of about 35~70 K [18–21]), where the magnetic
configuration of Fe3+ ions changes from GxAyFz to AxGyCz, and then the wFM disap-
pears. Below the antiferromagnetic (AFM) ordering temperature of the Dy3+-sublattice
TN(Dy) = 4.2 K, the Dy3+ magnetic configuration is GxAy [22,23] with the Ising axis devia-
tion of about 33◦ from the b-axis. When a magnetic field (higher than about 3 T) is applied
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along the c-axis below TSR, the spin configuration of the Fe3+-sublattice is driven to GxAyFz
again [4].

For spin-driven ferroelectricity, there are mainly three types of microscopic mechanism
models, i.e., the inverse Dzyaloshinskii–Moriya (IDM) mechanism [24], spin-dependent
p-d hybridization model [25], and exchange striction model [26,27], for explaining ME
behaviors. According to these models, the emergence of ferroelectricity is hardly under-
stood only by the local spin arrangement, since the symmetry of the crystal structure needs
to be considered. In DyFeO3, below TN(Dy), the Pc (the direction of P is parallel to the
c-axis) can be induced when the magnetic fields (higher than 2.4 T at 3.0 K [4]) are applied
along the c-axis. However, the ME behaviors in DyFeO3, i.e., the Pc is induced with the
magnetic fields along other crystal axes, remain to be further understood. Moreover, some
abnormal behaviors have been observed. For example, a small P drop was observed on
the P-H curve at BC(Fe) [4]. Abnormal heat transport was measured, and a FeIII state (a
metastable phase) was speculated [18]. These abnormal behaviors indicate that there may
be complex and delicate magnetic interactions in ME behaviors, such as the competition
between the anisotropic energy of the Dy3+-sublattice, the coupling energy between the
Dy3+ and Fe3+-sublattices, and Zeeman energy [28].

In DyFeO3, when the magnetic field is in the ab plane, ME coupling with smaller
critical fields of 0.8 T (a-axis) and 0.5 T (b-axis) is triggered. Inspired by these lower critical
magnetic fields, we revisited the structure of DyFeO3, in which two AFM sublattices (the
Fe3+- and Dy3+-sublattices) are nesting with each other (see Figure 1a,b). The Fe3+-sublattice
(blue balls) has strong AFM coupling (GxAy) and wFM (Fz), and the Dy3+-sublattice (red
balls) has weak AFM coupling and strong magnetic anisotropy (the AFM vector is localized
in the ab plane). Under a lower magnetic field in the easy plane (ab plane), the direction of
the magnetic anisotropy of the Dy3+-sublattice might be disturbed or changed, which leads
to the change in exchange striction between the Fe3+- and Dy3+-sublattices and triggers
Pc. Thus, we believe that single-phase materials with nested AFM lattices (as shown in
Figure 1c,d) can be designed or found, where the A-sublattice (blue spheres) has strong
AFM coupling in the plane and weak FM outside the plane, while the B-sublattice (red
spheres) has weak AFM coupling, and the B-site ions have strong magnetic anisotropy.
Such AFM systems are expected to achieve highly magnetically sensitive ME coupling
induced by in-plane magnetic fields. Although the observed magnetoelectric effects mainly
occurred at low temperatures (below TN(Dy)), which may be difficult to apply directly
in the traditional industry, our work deepens the understanding of the ME coupling in
DyFeO3. On the other hand, the ME systems controlled by a combination of multiple
parameters (such as magnetic anisotropy and exchange striction) may have high sensitivity
to the external magnetic field.

94



Nanomaterials 2022, 12, 3092

Figure 1. (a) The crystal structure and (b) magnetic configuration of DyFeO3 below the Dy3+ or-
dering temperature. Two AFM sublattices nesting with each other at (c) zero field and (d) applied
magnetic field.

2. Experiment

The DyFeO3 polycrystalline sample was synthesized by the solid-phase synthesis
method from Dy2O3 (99.99%) and Fe2O3 (99.99%), and the DyFeO3 single crystal was
grown by using a Four Mirror Optical Floating Zone Furnace (Crystal Systems Corp.,
Salem, MA, USA). The crystal structure and purity of both the DyFeO3 powder (crushed
single crystal) and the single-crystal samples were measured with an X-ray diffractometer
(XRD, X’Pert MPD Powder-DY3734, PANalytical B.V., Almelo, NL) using Cu Ka radiation
(λ = 1.5406 Å). The scan ranged from 10 to 90◦, the step size was 0.013◦, and the scan rate
was 0.042◦/s. The directions of three principal axes were determined according to the
Laue X-ray diffractometer measurement results. The low magnetic-field magnetization
was measured by using a superconducting quantum interference device (SQUID VSM,
Quantum Design, San Diego, CA, USA). Dynamic behaviors of both the M and the P
were measured under a pulsed high magnetic field at the Wuhan National High Magnetic
Field Center. The pulsed-high-magnetic-field M was detected by the standard inductive
method employing two concentric pick-up coils connected in series with opposite polar-
ity [7]. The electrical polarization Pc measurement schematic is shown in Figure S1 of the
supplementary material. The silver electrodes are evenly distributed on the upper and
lower surfaces of the sample. When the magnetic field is applied to the sample, the current
signal (corresponding to the change in charge density induced by magnetic fields) in the
sample is converted into an electrical signal (V) at the reference resistor (R), and then the
V is obtained after being processed by a preamplifier. Finally, the change in the electric
polarization induced by the pulsed magnetic fields is obtained.
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3. Results and Discussion

The XRD pattern of the DyFeO3 powder and its fitting by the general structure analysis
system (GSAS) are shown in Figure 2a. All the diffraction peaks are well indexed by a
distorted orthorhombic structure with Pbnm. No impurity peaks are observed within
the diffraction resolution, indicating the single-phase nature of the sample. The lattice
parameters a = 5.3031 Å, b = 5.5983 Å, and c = 7.6228 Å and the detailed crystal parameters
are listed in the Table S1 of the supplementary material, which are close to the values
in the Inorganic Crystal Structure Database (ICSD 27280). In the diffraction pattern of
the single-crystal sample, only the (002), (004), and (006) diffraction peaks are observed,
which confirms the high quality and accurate c-axis orientation of the DyFeO3 single-
crystal sample.

Figure 2. (a) The XRD patterns of DyFeO3 powder and single crystal (right inset) and the DyFeO3

single-crystal sample morphology (left inset). (b–d) The temperature dependence of the magnetiza-
tion of the DyFeO3 single crystal with magnetic fields along the a-, b-, and c-axes, respectively. The
partial magnification near the transition temperatures of ZFC and FC curves measured at 0.05 T are
shown in the corresponding insets.

The temperature dependence of magnetization measured in various magnetic fields
(0.01 T, 0.05 T, 1 T, and 5 T, respectively) is shown in Figure 2b–d. In the lower-temperature
region (below ~60 K), the zero-field-cooled (ZFC) and field-cooled (FC) magnetization
curves have slight deviation, and the difference is presented in the insets of Figure 2b–d. In
the higher-temperature region (above ~60 K), the difference between ZFC and FC becomes
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indiscernible. When the magnetic field is applied along the c-axis (see Figure 2d), there is an
obvious transition with the magnetization jumps of ~0.13 μB/f.u. at TSR(Fe) ~57 K, which
is related to the spin-flop transition of the Fe3+-sublattice. As the temperature decreases to
TN(Dy), an obvious drop can be observed (see the inset of Figure 2d), which indicates that
the Dy3+-sublattice undergoes a transition from a paramagnetic state to an AFM state GxAy.
Since the magnetic moment of the Ising Dy3+ ions is localized in the ab plane, it is difficult to
disturb the magnetic field (0.05 T, along the c-axis) or change the direction of the magnetic
anisotropy (or the anisotropy energy) of the Dy3+ spin. With the magnetic field increasing,
TSR(Fe) moves to the low-temperature region. However, with the magnetic field applied
along the c-axis, no obvious movement of TN(Dy) is observed, which confirms the strong
magnetic anisotropy and localization in the ab plane of the Dy3+ spins. The temperature
and magnetic field dependence of the transitions are shown in the magnetic phase diagram
of Figure S2 in the supplementary material. In DyFeO3, there is the magnetic anisotropy of
Dy3+ ions, field-induced spin flop of Fe3+ ions, temperature-driven spin reorientation of
Fe3+ ions, AFM interaction between Dy3+ and Fe3+ ions, and thermal fluctuation [28], and
these lead to the complex dependence of both TSR(Fe) and TN(Dy) on temperatures and
magnetic fields.

The magnetization curves as functions of different magnetic fields along three principal
axes are shown in Figure 3. Below TN(Dy) (taken 2 K as an example), when the magnetic
field is applied along the a-axis (see Figure 3a), a transition is observed at BC(Dy) ~0.8 T
(labeled with a red arrow), which is attributed to the spin-flop transition of the Dy3+-
sublattice (as shown in the inserted cartoon). With the magnetic field increasing, the
magnetic field drives the spins of the Dy3+-sublattice toward the a-axis as much as possible,
resulting in a sharp increase in M. With the magnetic field further increasing, the AFM
coupling of Dy3+-sublattices may be partially broken. For the magnetic field parallel to
the b-axis, similarly, a slightly smaller critical magnetic field of 0.5 T can be observed due
to the smaller deviation (the angle ~33◦) of the Ising vector of the Dy3+ spins from the
b-axis. Above 0.5 T, a saturated magnetic moment of ~8.3 μB/f.u. is obtained, which
indicates that the Dy3+ moment was almost magnetized to saturation by the magnetic
field (as shown in the inserted cartoon in Figure 3b). The saturated magnetization shows
that the Ising Dy3+ moment is mainly localized in the ab plane with the b-axis as the easy
axis [18]. In the case with the magnetic field along the c-axis, a magnetization jump (ΔM)
of ~0.13 μB/f.u. is observed around 3 T. The value of the ΔM is the same as the value
of the magnetization jump in the M-T curves shown in Figure 2d, which confirms that
the transition is mainly associated with the spin-flop transition of the Fe3+-sublattice; the
result is also consistent with previous studies [4]. In Figure 3c, two transitions are observed
around 3 T and 3.2 T (labeled as black and red triangles, respectively). The lower one
may be related to the spin-flop transition of the Fe3+ moment, while the higher one may
be caused by the destruction of the AFM coupling between the FM components of the
Dy3+ moment (induced by the magnetic field) and the Fe3+ moment (canted AFM) [29].
The magnetization behaviors measured in a pulsed higher magnetic field are shown in
Figure 3d–f. Besides the low-field transitions, no additional transitions are induced up to
45 T, and the slopes of the M-B curves are almost constant, indicating that there is a strong
AFM interaction in the Fe3+-sublattice [4].
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Figure 3. (a–c) Magnetization as a function of the static magnetic field along a-, b-, and c-axes,
respectively. (d–f) The magnetization curves measured along the a-, b-, and c-axes under pulsed high
magnetic field, respectively. The curves in the (b,e,f) are offset for clarity. JAFM and JD are the AFM
interaction strength and anisotropy energy of the Dy3+-sublattice, respectively.

In order to further investigate magnetic-field-induced transitions and the dynamic
magnetization behavior of DyFeO3, the magnetization results were investigated by pulsed
magnetic fields. In this work, the waveform of the pulsed magnetic field is shown in
Figure 4a, which is a full-wave pulsed magnetic field (including four quadrants, QA, QB,
QC, and QD) with a maximum field sweep rate of about 104 T/s. When the magnetic field
is along the a-axis and the temperature is below 4.2 K (see Figure 4b), in the field-increasing
branch (quadrant QA), the transitions resulting from the Dy3+-sublattice (marked with
red arrows) and the field-induced spin flop in the Fe3+-sublattice (marked with black
arrows) are observed. When the temperature ranges from 4.2 K to 50 K, only the transition,
corresponding to the spin flop in the Fe3+-sublattice, could be observed, and its critical
magnetic field decreases drastically with increasing temperature. Above 50 K, no obvious
transition is observed (not shown). In the field-decreasing branch (quadrant QB), the
transition field moves to the low-magnetic-field region (lower than 1 T). In the field-
increasing and field-decreasing branches of the negative magnetic field (quadrants QC and
QD), the magnetization behaviors are similar to those in QA and QB. As shown in Figure 4c,
the magnetization behaviors of the magnetic field along the b-axis are similar to those along
the a-axis.
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Figure 4. (a) The waveform of the pulsed magnetic field. (b–d) Magnetization derivative (dM/dB)
as a function of the magnetic field measured along the three principal axes. The inset in (c) is the
enhancement of the dM/dB around the zero-magnetic-field regions. The curves of (b–d) are offset for
clarity. QA, QB, QC, and QD are the four quadrants of the pulsed magnetic field; all the transitions
are labeled with arrows.

In Figure 4b,c, the temperature dependence of the transition field of the spin flop
in the Fe3+-sublattice is different above and below 4.2 K. Below 4.2 K, the critical field
(corresponding to the spin flop of the Fe3+ moment) is essentially unchanged with the
temperature increasing. Above 4.2 K, the transition field (labeled with arrows) has a strong
dependency on temperature. These results suggest the pinning of the Dy3+-sublattice on
the spin flop of Fe3+ ions. With the temperature increasing, the pinning gradually becomes
weaker due to the destruction of the long-range order of the Dy3+-sublattice. The transition
field (labeled with arrows) of the Dy3+-sublattice has a strong temperature dependence,
which indicates that the direction of the magnetic anisotropy (or anisotropy energy) of Dy3+

spins may also be disturbed by the magnetic field in the ab plane. The critical field moves
toward the lower-magnetic-field region with the temperature increasing. To present the
moving trend more clearly, the phase diagrams with the magnetic field parallel to the a-
and b-axes are shown in Figure S2a,b of the supplementary material, respectively. When
the magnetic field is applied along the c-axis, only the transitions related to the spin flop
of Fe3+ ions are observed (see Figure 4d). Since the Dy3+ ion has strong Ising behavior
and is localized in the ab plane, no obvious transition related to the Dy3+-sublattice was
observed for lower magnetic fields. The critical field (corresponding to the spin-flop of
the Dy3+ moment) moves toward the lower-magnetic-field region with the temperature
increasing, and the temperature and magnetic field dependence of the critical behaviors
are shown in Figure S2c of the supplementary material.

In the measurement of the electric polarization, ΔPc is a relative value, and it shows
the change in Pc induced by magnetic fields, and the applied magnetic field includes four
quadrants: QA, QB, QC, and QD. As shown in Figure 5a, both the magnetic field and the
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electric field are parallel to the c-axis; with the magnetic field increasing (quadrant QA),
ΔPc jumps (labeled with red pentacles) are observed at BP(Fe) and a temperature below
TN(Dy). At 2 K, the transition is observed in BP(Fe) ~3 T (labeled with a red pentacle), and
the critical magnetic field is coincident with the result of magnetization measurement in the
field-increasing branch (quadrant QA). As the temperature increases, the critical field BP(Fe)
moves to the low-field region, and a similar temperature dependence of the transition field
is also observed in the magnetization curves (see Figure 4d). In the field-decreasing branch
(quadrant QB), ΔPc becomes zero at B’P(Fe) (marked with black triangles). In quadrant
QC (the field-increasing branch of the negative magnetic field), the transitions are also
observed at −BP(Fe) (marked with black diamonds). In the field-decreasing branches of the
negative-magnetic-field region (quadrant QD), a transition is observed at −B’P(Fe) (marked
with crosses). Particularly, a metastable state (indicated by solid circles) and ΔPc reversal
(marked with a cross) are observed around 3.1 K in the negative-magnetic-field region. The
transitions are affected by magnetic fields and temperatures, which may originate from
the complicated interactions between the anisotropy energy of the Dy3+-sublattice, the
coupling energy between the Dy3+ and Fe3+-sublattices, and Zeeman energy.

Figure 5. (a–c) Electric polarization as a function of pulsed magnetic fields, measured under the
pulsed magnetic field along c-axis (a), a-axis (b), and b-axis (c), where the electric fields (E = 1.5 kV/cm)
are along c-axis. (d) The magnetic field dependence of dPc/dB measured at various temperatures
with the applied pulsed magnetic field along b-axis and E = 0. The curves are offset for clarity. The
various symbols of red pentacle, black triangle, black diamond, cross, solid circle, blue pentacle, red
triangle, and purple triangle represent the transitions in the curves. The sweep directions of the
magnetic field are labeled by black arrows.
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According to the exchange striction model, Pc is related to the spin flop of both the
Fe3+-sublattice and the Dy3+-sublattice [18]; to reverse the Pc, it is necessary to change the
phase (0 or π) of the magnetic vector of either the Fe3+ or the Dy3+ ions. The magnetic vector
of the Fe3+ ions is directly connected to the direction of the wFM of the Fe3+-sublattice.
Thus, the field-induced ΔPc is observed when a large magnetic field is antiparallel to the
c-axis. With the magnetic field decreasing and the temperature increasing, the interaction
between the Dy3+ and Fe3+ ions, as well as the Zeeman energy, becomes weaker, and the
magnetic anisotropy energies of the Dy3+-sublattices gradually dominate, which leads to
the ΔPc reversal and metastable polarization states in the negative field (quadrants QC
and QD of Figure 5a). On the other hand, the strong magnetic anisotropy of the Dy3+ ions
becomes dominant, which drives the Dy3+ spins to its easy axis and leads to the change in
the exchange striction and ΔPc reversal to a lower value. For the observed metastable state
(marked with solid circles in Figure 5a), we assume that this is due to the spin-pinning
effect of Dy3+ ions on the change in the wFM of the Fe3+-sublattice. The fact that metastable
polarization behavior is more obvious when the temperature approaches TN(Dy) indicates
that magnetic anisotropic Dy3+ is more easily magnetized by the magnetic field when the
temperature approaches TN(Dy) than at lower temperatures.

For the pulsed magnetic field within the ab plane (as shown in Figure 5b–d), the
change in the Dy3+ spins induced by the magnetic field also causes the change in exchange
striction. The ΔPc-B curves with magnetic fields along the a- and b-axes were measured
(where the electrical polarization is along the c-axis). As shown in Figure 5b (the magnetic
field along the a-axis) and Figure 5c (the magnetic field along the b-axis), the sign of ΔPc is
unchanged. This is totally different from the case with a magnetic field along the c-axis.
The unchanged ΔPc suggests the simultaneous flop of both the Fe3+ and Dy3+ spins when
the magnetic field (in the ab plane) reverses. At 2 K, with the magnetic field along the a-axis
and b-axis and the field increasing (quadrant QA), the field-induced ΔPc are observed at
BP(Dy) ~0.8 T (a-axis, marked with a blue pentacle) and 0.5 T (b-axis, marked with red
triangles), respectively. Both the critical fields are lower than that along the c-axis, and with
the increasing temperature, the transition fields move further to the lower magnetic fields.
The effects of the temperature and magnetic field on the critical behaviors are shown in
Figure S2 of the supplementary material.

In DyFeO3, the AFM interaction in the Dy3+-sublattice is weak and mainly localized
within the ab plane. The lower magnetic field in the ab plane will disturb the direction of the
magnetic anisotropy (or the anisotropy energy) of Dy3+ ions; that is, the Dy3+ moments are
easily magnetized by the magnetic field, resulting in a higher magnetic field sensitivity. At
zero fields, the magnetic vector (the Ising axis) of the Dy3+ ion deviates by about 33◦ from
the b-axis (as shown in the inset of Figure 3a), which leads to the different critical field of the
field-induced ΔPc between the magnetic field along the a- and b-axes (see Figure 5b,c). In
order to confirm the intrinsic effect of the magnetic field on polarization, the ΔPc was also
investigated with zero electric fields (see Figure 5d), and a weaker change of the electrical
polarization was observed in the dPc/dB-B curves, where the critical fields (marked with
purple triangles) are coincident with those observed in the ΔPc–B curves (see Figure 5c).
With the temperature increasing, the transition peaks of the ΔPc shift to the lower-field
region. These experimental results indicate that the ΔPc is an intrinsic behavior and can be
induced by the magnetic field alone.

4. Conclusions

In this work, the combination of anisotropy and exchange striction in DyFeO3 provides
a guiding principle for designing high-sensitivity spin-driven multiferroicity. Especially
in the ab plane, the direction of the magnetic anisotropy (or the anisotropy energy) of the
Dy3+ ions can be modulated by a smaller magnetic field, which alters the exchange striction
and leads to a ΔPc sensitive to the external magnetic field. That is, the combination of the
magnetic anisotropy of the Dy3+ spin and the exchange striction between the Fe3+ and Dy3+

spins leads to the ΔPc. The ΔPc exhibits high magnetic-field sensitivity. This work deepens
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the understanding of the effects of the multiple magnetic orders on the magnetoelectric
coupling of multiferroic DyFeO3 and will be beneficial in searching for novel multiferroic
material systems with high magnetic-field sensitivity.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nano12183092/s1, Table S1: The lattice parameters of the DyFeO3
single crystal; Figure S1: The measurement schematic of the electric polarization (Pc) under pulsed
magnetic fields; Figure S2: Magnetic phase diagrams determined with the magnetization and polar-
ization measurements.
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Abstract: Fe-substituted YFexCr1−xO3 crystalline compounds show promising magnetic and multi-
ferroic properties. Here we report the synthesis and characterization of several compositions from
this series. Using the autocombustion route, various compositions (x = 0.25, 0.50, 0.6, 0.75, 0.9, and 1)
were synthesized as high-quality crystalline powders. In order to obtain microscopic and atomic
information about their structure and magnetism, characterization was performed using room tem-
perature X-ray diffraction and energy dispersion analysis as well as temperature-dependent neutron
diffraction, magnetometry, and 57Fe Mössbauer spectrometry. Rietveld analysis of the diffraction data
revealed a crystallite size of 84 (8) nm for YFeO3, while energy dispersion analysis indicated compo-
sitions close to the nominal compositions. The magnetic results suggested an enhancement of the
weak ferromagnetism for the YFeO3 phase due to two contributions. First, a high magnetocrystalline
anisotropy was associated with the crystalline character that favored a unique high canting angle
of the antiferromagnetic phase (13◦), as indicated by the neutron diffraction analysis. This was also
evidenced by the high magnetic hysteresis curves up to 90 kOe by a remarkable high critical coercivity
value of 46.7 kOe at room temperature. Second, the Dzyaloshinskii–Moriya interactions between
homogenous and heterogeneous magnetic pairs resulted from the inhomogeneous distribution of
Fe3+ and Cr3+ ions, as indicated by 57Fe Mössbauer studies. Together, these results point to new
methods of controlling the magnetic properties of these materials.

Keywords: DM interaction; crystalline YFeO3; magnetic properties; enhanced weak ferromagnetism;
exchange interactions

1. Introduction

Bulk orthoferrites and orthochromites have been the subject of various studies since
the 1950s, but the interest of the scientific community has recently been renewed due to
their possible technological applications in sensors, switching devices, and spintronics [1,2].
New research is focused on improving novel synthesis methods, consequently producing
materials with different and improved magnetic and electrical properties. It is important
first to point out that the first publications were carried out almost exclusively with single
crystal samples, a synthesis process that requires specialized equipment not often found
in ordinary laboratories, and that inherently prevents the production of large quantities
of materials [3,4]. Currently, new synthesis methods have been explored to produce poly-
crystalline samples that have the advantage of rapid preparation, low cost, and the ability
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to produce relatively large masses of material [4]. On the other hand, developments in
nanotechnology have also made it possible to obtain nanocrystalline orthoferrites with
highly controlled stoichiometry using wet methods, such as the sol–gel approach, allowing
continuous doping between the orthoferrite and orthochromite endmembers [5]. Such syn-
thesis developments may be instrumental in studying the Fe–Cr phase diagram, which has
been historically challenging due to the thermodynamic considerations of the Y2O3–Fe2O3
binary phase diagram, in which magnetite or ternary garnets can easily be obtained as
parasitic (or secondary) phases. Therefore, the use of these new techniques to scale up the
synthesis and carefully control the composition allows unprecedented access to the Fe–Cr
phase diagram, potentially enabling the optimization and understanding of the interesting
magnetic properties of these materials.

The YFeO3 orthoferrite (YFO) and the YCrO3 orthochromite (YCO) compounds crys-
tallize in the Pnma centrosymmetric space group symmetry and are biferroic with high
Néel temperatures (TN). Specifically, these materials are antiferromagnetic with TN = 644 K
and 140 K for YFO and YCO, respectively, with the a-direction of the unit cell as the easy
magnetization axis. Moreover, these materials exhibit weak ferromagnetism, which has
been attributed to the canting of magnetic moments along the c-direction, leading to the
convincing observation of ferromagnetic behavior [5]. As early as the 1960s, Treves [6] pro-
posed an antisymmetric interaction mechanism (Dzyaloshinskii–Moriya (DM) exchange)
for this type of ferromagnetism in orthoferrites based on torque measurements in single
crystals of rare earth orthoferrites (RFeO3, R = rare earth and Y). Considering these intrigu-
ing physical properties and the possibility to combine the two above materials (i.e., forming
a Fe-substituted YCO phase), improved electrical and magnetic properties are expected.
In particular, the case of the YFe0.5Cr0.5O3 compound is very interesting because it has
the largest magnetoelectric effect in the series [7] and may present a spin reorientation
phenomenon according to the literature [8]. However, most of these studies have been
performed on bulk polycrystalline samples, leaving the effects of another tuning parameter,
namely, the crystallite size, unstudied. To optimize and understand the magnetoelectric
effect in these materials, one could use the crystalline size as well as the application of large
magnetic fields to try to stabilize different magnetic configurations or tune the canting
angle and thus potentially improve the magnetoelectric effect.

In this work, the structural and magnetic properties of the Fe-substituted YCO phase
(i.e., theYFexCr1−xO3 compounds) in the crystalline regime are studied in detail. The
structural and composition features were obtained from Rietveld refinements and scanning
electron microscopy (SEM), which showed (i) a single phase in the studied compounds
and (ii) their nanoscale characteristics. The magnetic properties of the Fe-substituted
compounds were studied by performing direct current magnetization measurements at
and between 300 K (room temperature (RT)) and 5 K using both zero-field-cooling (ZFC)
and field-cooling (FC) protocols, while the local magnetic properties were investigated
using 57Fe Mössbauer spectrometry performed at 300 K and 77 K and under an external
magnetic field. The obtained results suggested an enhancement of WFM associated mainly
with the sub-micrometric size character of the YFO phase (84 (8) nm), which has favored a
relevant spin canting of 13◦, i.e., a net spin contribution related to the sample finite-size
effect. This property is not observed in the single and polycrystalline systems reported in
the literature. In addition, the presence of the finite-size effect (spin-canting) in our sample
was also reflected in the increase of the saturation magnetization that reached 0.79 emu/g
at 3.5 kOe.

2. Materials and Methods

The whole series of YFexCr1−xO3 perovskites was synthesized by the combustion method
by stoichiometrically mixing the following initial reactants: Y(NO3)·6H2O, Fe(NO3)3·9H2O,
Cr (NO3)3·9H2O, urea, and glycine. To improve the crystallization process, all powder
samples were heated up to 1200 ◦C and annealed under ambient conditions. The synthe-
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sized samples were labeled as the RSx series, where RS1, RS2, RS3, RS4, RS5, RS6, and RS7
correspond to x = 0, 0.25, 0.50, 0.60, 0.75, 0.90, and 1.0, respectively.

Structural characterization was carried out using Bruker Advance D8 X- ray diffraction
equipment (Bruker Corporation, Billerica, MA, USA), operating with a Cu–Kα radiation
source (1.5418 Å wavelength), and the X-ray diffraction (XRD) diffractograms were recorded
at RT with a 2θ from 15◦ to 65◦ in a step of 0.02◦ and with an accumulating time of 10 s.
Neutron diffraction (NPD) of the RS3 (YFe0.5Cr0.5O3) sample was performed on the HB-2A
line of the High Flux Isotope Reactor (HFIR) at Oak Ridge National Laboratory (ORNL) [9].
X-ray and NPD data were analyzed using the FullProf suite (Gif sur Yvette Cedex, France,
version January 2021). In all nuclear diffraction peak modeling, the previously reported
orthorhombic crystal structure (space group Pnma) was found to account for all observed
peak positions and intensities, identified using the software Match v3. As initial cell param-
eter values, we employed a = 5.59 Å, b = 7.59 Å, and c = 5.27 Å (Match entry 210–1387) and
allowed the parameters to refine during the profile fitting for the different temperatures
and compositions. The instrumental resolution function (IRF) of the X-ray diffractome-
ter was obtained from the aluminum oxide (Al2O3) standard with Caglioti parameters:
U = 0.0093, V = −0.0051, and W = 0.0013 [10]. The morphology, size, and composition of
the powders were obtained using a TESCAN LYRA3 high-resolution scanning electron
microscope (Tescan Brno s.r.o., Brno, Czech Republic) with an FEG type electron source
coupled with an Oxford energy-dispersive X-ray spectroscopy (EDS) detector. Secondary
electron imaging and atomic element mapping were acquired simultaneously using an
accelerating voltage of 15 kV and a working distance of 9 mm.

Zero-field-cooling (ZFC) magnetic hysteresis loops (M(H) loops) were recorded at
300 K and 5 K using the vibrating sample magnetometer (VSM) option operating in a
Dynacool (Quantum Design North America, San Diego, CA, USA) setup for a maximum
applied field of 90 kOe. ZFC and warm-field-cooling (WFC) magnetization measurements,
M(T), were performed under two different probe fields: 50 Oe and 1000 Oe.

57Fe Mössbauer spectra were obtained with WissEl equipment (WissEl—Wissenschaftliche
Elektronik GmbH, Starnberg, Germany) in a transmission geometry using a 57Co source
diffused into an Rh matrix with an activity of about 1.5 GBq and mounted on a conventional
constant acceleration vibrating electromagnetic transducer. The sample was in the form of
a powder layer containing about 5 mg Fe/cm2. Spectra were obtained at 300 K and at 77 K
in a bath cryostat. A thin foil of α-Fe was used at 300 K for calibration of the spectrometry
(isomer shift values are given relative to Fe at 300 K). The modeling of the hyperfine
structures was performed using a homemade Mosfit program based on the least squares
method, and magnetic and quadrupolar components were composed of Lorentzian peaks.

3. Results and Discussion

3.1. XRD and Rietveld Analysis

From the Rietveld refinement of the XRD and neutron diffraction powder (NPD)
patterns measured at RT and 2 K, respectively, the results suggested for all samples the
presence of only an orthorhombic Pnma (No. 62) crystal structure [11], i.e., no secondary
phase was observed. In addition, both experiments showed similar behavior for the
lattice parameters a, b, and c within their uncertainties. Thus, the refined values of the
cell parameters are plotted in Figure 1a,b, which suggested: (i) a linear evolution of the
cell parameters (Figure 1a) at RT and 2 K as a function of iron concentration (x), (ii) the
c parameter changed more rapidly than the a or b parameters, and (iii) a continuous
increase in cell volume with Fe concentration (Figure 1b) at both temperatures. For the
size estimation of YFeO3 crystallites (RS7 sample) (see refined diffractogram in Figure 1c),
we used the modified Scherrer’s formula that expresses the anisotropic size broadening
as a linear combination of spherical harmonics (SHP) if the anisotropic size contribution
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belongs only to the Lorentzian component of the total Voigt function [10]. Therefore, the
explicit formula for the SPH approach of size broadening is given by Equation (1) [12]:

βh =
λ

Dhcosθ
=

λ

cosθ ∑lmp almpylmp(Θh, Φh) (1)

where h is assigned to the (hkl) indices, βh is the size contribution to the integral width of
reflection (hkl), ylmp(Θh, Φh) are the real components of spherical harmonics (arguments
Θh and Φh are the polar and azimuthal angles of vector (hkl) with respect to a Cartesian
crystallographic frame), and almp are the refined coefficients, related to the Laue class [13].
For the RS7 sample, a -1 Laue class was used.

 

Figure 1. Cell parameter (a) and volume (b) variation with the x (Fe concentration) and Rietveld
refinement XRD diffractogram (c) for the RS7 sample. The inset in (c) is the simulated structure
obtained after refinement using VESTA (red spheres are oxygen atoms, white and blue are yttrium
atoms, and green spheres are iron atoms). While blue, red, and green arrows indicate the a, b, and c
crystallographic axes, respectively. Miller indexes are given between parentheses, black dots are the
experimental data, the red line is the calculated diffractogram, and the vertical green lines are the
Bragg’s diffraction position. Solid lines in (a,b) are guides for visualization.

The obtained profile refinement gave acceptable statistical parameters for the reliabil-
ity factor, Rp (%); weighted profile residual, Rwp (%); expected profile residual, Rexp(%);
and goodness of fit, χ2; having quantitative values as follows: Rp = 16.2%, Rwp = 10.4%,
Rexp = 26.19%, and χ2 = 0.94, while the refined harmonic coefficients were found equal
to Y00 = −0.00574, Y20 = 0.01395, Y21

+ = −0.06448, Y21
− = 0.01518, Y22

+ = 0.07557, and
Y22

− = −0.03690, respectively. With these values, the anisotropic Lorentzian size broaden-
ing gave a mean crystallite value of 84 (8) nm. Hence, combining all above data, it can be

108



Nanomaterials 2022, 12, 3516

inferred that the autocombustion method allowed nanocrystalline Fe-substituted YCrO3
powders with a single phase, orthorhombic-like structure to be obtained.

3.2. SEM Analysis

For all samples, the autocombustion method with final annealing up to 1200 ◦C yielded
a distribution of agglomerates about (~200–500 nm) that form a series of interconnected
chains, as typical found in autocombustion synthesis [4]. In Figure 2a–q, the RSx series
shows similar morphologies as those obtained by Zhang et al. [4,14]. In all of them,
the notorious polycrystalline nature can be observed. The STEM images and elemental
analyses given by yellow, red, blue, and green colors (Figure 2d–m) show the evolution
of the systems when the Fe concentration increases. The systematic formation of the Fe-
substituted YCrO3 phase is noted in the EDS pattern given in Figure 2r, and the atomic
percentage contribution is summarized in Table 1. We can roughly say that the particles
produced by this combustion method have a similar morphology and similar dispersion in
all tested concentrations. In addition, considering the uncertainties of the element contents
in the samples, we can also affirm that Y and O are quite constant, while Fe increases and Cr
decreases its contribution; this indicates that Fe enters the crystalline cell, due to the larger
ionic radius of Fe3+ (0.645 Ӑ) (compared to Cr3+ = 0.615 Ӑ), which is consistent with the
unit cell volume determined from X-ray and neutron diffractions, as previously discussed.

Figure 2. (a–c) SEM images for the RS1, RS3, and RS7 samples (bar length = 1 μm). The magnified
area was performed in high resolution mode, and the elemental mapping area for each sample is
given in (d–m) images. SEM images for the RS2, RS4, RS5, and RS6 samples (n–q) (bar length =10 μm).
(r) The EDS for the RS1–RS7 samples.

Table 1. Weight percentage composition of the elements found in all samples.

Sample
Y (% wt)

± 2
Cr (% wt)

± 2
Fe (% wt)

± 1
O (% wt)

± 1

RS1 52 31 - 17
RS2 51 25 9 15
RS3 47 17 23 14
RS4 51 14 20 15
RS5 51 9 25 16
RS6 51 4 30 15
RS7 51 - 33 16
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3.3. VSM Analysis

Figures 3 and 4 illustrate the ZFC ± 90 kOe M(H) curves of the YFexCr1−xO3 series
taken at 5 K (top) and 300 K (bottom), respectively. At RT, the samples with x = 0.25
and 0.50 behaved as ordinary paramagnets (see Figure 3d,f), while the samples with
x = 0.60, 0.75, and 0.90 suggested an onset of a weak ferromagnetism (see Figure 4b,d,f).
For the x = 1.0 sample (YFeO3 compound, RS7), shown in Figure 5a, M(H), curves recorded
at different temperatures show the magnetic features of a weak ferromagnet with high
magnetic anisotropy, i.e., with characteristics similar to that found in the pure YFeO3
compound (set-like M(H) curve). Therefore, this sample (RS7) revealed an interesting
and complex magnetic behavior that is mainly attributed in the literature to an exchange
spring effect. In particular, the magnetic spring effect can be often observed by an exchange
magnetic coupling between coexisting and interacting soft and hard magnets in a sample,
as reported by Popkov et al. [5].

Figure 3. M(H) curves recorded for a maximum field of 90 kOe at 5 K (top) and 300 K (bottom) for
the RSX samples. RS1 in (a,b), RS2 in (c,d), and RS3 in (e,f), respectively.

Thus, since the NDP, Rietveld, and SEM data of the SR7 sample suggested the presence
of a single-phase structure, and the presence of two magnetic phases of two crystalline
structures (as occurs in bilayer films) cannot be inferred as a reason for the observed phe-
nomenon. However, the atomic disordering in the orthorhombic structure and the change
in cell volume could lead to local different magnetic phases, which will be magnetically
interacting and producing the observed M(H) behavior discussed above.

Looking at the 5 K M(H) loop for the x = 0 sample (see Figure 3a), we can observe
the characteristic M(H) curve reported for the YCrO3 compound [15]. Below TN, the
non-saturation regime of the M(H) curve occurred till values of +90 kOe, indicating a
remarkable antiferromagnetic state, while above TN, a paramagnetic-like behavior was
regarded; see Figure 3b. On the other hand, the loss of hysteresis in the RS2 and RS6
samples (Figure 3c,e and Figure 4a,c,e) indicated the substitution of Cr by Fe atoms in
the orthorhombic crystal configuration, as confirmed by our XRD data. Table 2 contains
the remanence (Mr), coercivity (HC), and saturation magnetization (σsat) values of the
hysteresis ferromagnetic part. Using the slope of the M(H) curves, it was possible to
subtract the antiferromagnetic contribution of the M(H) curves, thus leaving the purely
ferromagnetic component, as shown in Figure 5b. Thus, these M(H) curves recorded at
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different temperatures really showed large HC fields, but their value decreased when the
temperature decreased, concomitantly with the increase of the saturation magnetization
(the area inside the M(H) loop remained nearly constant). In addition, all M(H) curves
show more clearly the step-like behavior near the zero-applied field region of the M(H)
curve, a feature discussed above and attributed to a magnetic spring-like effect.

Figure 4. M(H) curves recorded for a maximum field of 90 kOe at 5 (top) and 300 K (bottom) for the
RSX samples. RS4 in (a,b), RS5 in (c,d), and RS6 in (e,f), respectively.

Figure 5. M(H) loops for the RS7 sample recorded at different temperatures (a). M(H) loops after the
subtraction of the paramagnetic contribution of the AFM phase (b).

The magnetic parameters in Table 2 were plotted as a function of Fe concentration
(x), as seen in Figure 6a,b,d. At 300 K, the HC field dependence with x had two marked
regions (I and II): (i) region-I can be interpreted as the magnetic domain reorientations
(magnetization reversal) due to the increasing concentration of Fe atoms that are replacing
Cr, forming the pure YFeO3 crystalline phase; (ii) region-II has relatively high values of the
HC fields and that occur above x = 0.75, reaching a maximum value of 46.7 kOe for x = 1
(RS7 sample).
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Table 2. Remanence (Mr), coercive field (HC), and magnetic saturation (σSat) of the ferromagnetic com-
ponent, and susceptibility of the antiferromagnetic component to the RSx samples with x = 1, 0.9, 0.75,
and 0.60. For the samples with x = 0, 0.25, and 0.50, the values correspond to the ‘paramagnetic’ state.

x T (K)
Mr

(emu/g) ± 0.05
HC

(kOe) ± 0.5
σSat

(emu/g) ± 0.05

Susc.
(emu/g × Oe)

± 0.01

1.00 300 0.75 46.7 0.79 0.02
1.00 5 0.84 40.9 0.87 0.02
0.90 300 0.64 43.2 0.77 0.02
0.90 5 0.27 0.3 0.61 0.02
0.75 300 0.18 0.3 0.55 0.02
0.75 5 0.02 0.02 (5) 0.41 0.02
0.60 300 0.05 0.1 0.20 0.02
0.60 5 0.05 0.1 0.23 0.02
0.50 300 0 0 0 0.02
0.50 5 0 0 0 0.02
0.25 300 0 0 0 0.02
0.25 5 0 0 0 0.03
0.00 300 0 0 0 0.02
0.00 5 0.80 18.9 0.89 0.03

The remanence (Mr) is calculated from Mr = (MR+ + MR−)/2, where MR+ and MR− are the values of the upper
and lower magnetization, respectively, when the magnetic field is zero. The coercive field (HC) is calculated from
HC = (HC+ − HC−)/2, where HC+ and HC− are the values of the right and left fields when magnetization is zero.
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Figure 6. (a) Dependence of the HC (kOe) vs. x (Fe concentration) at 300 K. (b) Dependence of the
Mr and σsat vs. x (Fe concentration) at 300 K. (c) Mr vs. σsat graph at 300 K. (d) HC, Mr, and σsat vs.
(Fe concentration) at 5 K.
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These values were larger than those reported by Popkov et al. [5] for four YFeO3
crystalline samples synthesized by different routes. On the other hand, the Mr and σsat
values had a similar dependence with Fe concentration at 300 K and 5 K, as can be seen in
Figure 6b,d. The behavior of Mr vs. σsat is shown in Figure 6c. The Mr and σsat quantities
could reach maximum values of 0.75 and 0.79 emu/g, respectively. This σsat value of
0.79 emu/g was consistent with others found in the literature for either powder or single
crystals [3,4,16–19], as summarized in Figure 7. In particular, the value of 0.79 emu/g,
obtained for a field of 3.5 kOe, was almost two times higher than the values reported by
Zhang et al. [4] and four times higher than that obtained by Shen et al. [20] for a similar
system. Therefore, the RS7 sample behaved as an ordinary single crystal of the YFO phase
with a multidomain magnetic structure [4,20]. In addition, it is worth mentioning that the
RS7 sample exhibited weak ferromagnetism enhanced at 90 kOe.

 σsat (emu/g)

M
r (

)

Figure 7. Mr vs. σsat relation built from data recorded at RT and reported in the literature for similar
compounds. Comparison between powder and single crystal YFexCr1−xO3 [3,5,16–19].

The WFC and ZFC M(T) measurements for all RSx samples were collected under two
probe fields, namely, 50 Oe and 1000 Oe, and the results are shown in Figures 8–10. For the
lowest applied field, the ZFC and WFC M(T) curves, displayed in Figure 8a, clearly show
the magnetization transition from the AFM to PM state of the YCrO3 compound at 159 K,
assigned to TN. No other magnetic transition was observed in M(T) curves, indicating that
no secondary phase was formed during the auto combustion synthesis, in agreement with
the XRD data. For the YFe0.25Cr0.75O3 compound, the TN value increased to 174 K (see
Figure 8b), but a further increase of Fe content, for example, x = 0.50, led to a cancelation
of total magnetization and a compensation temperature between the antiferromagnetic
sub-lattices of 245 K. The zero-net magnetization was observed as an enhancement of the
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diamagnetism contribution, as shown in Figure 8c. At x = 0.60 and 0.75, see Figure 8d,e, a
slight increase in the magnetization was observed, in agreement with the onset of WFM, as
also seen in the M(H) curves. At x = 0.90 and 1.0 (Figures 8f and 9), a significant increase
in the magnetization was observed with significant overlap between ZFC and WFC M(T)
curves above 250 K.

Figure 8. ZFC and WFC M(T) curves at a probe field of 50 Oe for the (a) RS1, (b) RS2, (c) RS3, (d) RS4,
(e) RS5, and (f) RS6 samples.

Figure 9. ZFC and WFC M(T) curves recorded for a probe field of 50 Oe for the RS7 sample. Black
line indicates WFC and red line ZFC, respectively.
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Figure 10. ZFC and WFC M(T) curves recorded at a probe field of 1000 Oe for the (a) RS1, (b) RS2,
(c) RS3, (d) RS4, (e) RS5, and (f) RS6 samples.

The determination of the TN of the Fe-substituted YCO compounds was done record-
ing the ZFC and WFC M(T) curves at a higher field (1000 Oe). At this probe field, the
magnetization of the samples with x = 0.75 and x = 0.90 showed a strong interaction
with the external field, confirming the enhancement of the WFM. From ca. 5 K to higher
temperatures, both ZFC and WFC M(T) curves coincided for the sample with x = 0.9.

Based on the above experimental results, it can be inferred that the anisotropic
exchange-spring in crystalline compounds cause a significant increase in the coercive
field of 46.7 kOe at 300 K. This interesting magnetic response has also been observed by
Popkov et al. [5]. In our case, the hard and soft magnetic phases are intrinsically correlated
to the same structure, but they are due to chemical disorders in the sites of the orthorhombic
crystal nanostructure. Moreover, the hysteresis loop shape depends on the finite-size effects
under an applied DC magnetic field (in our case, we use the highest value reported in
the literature of 90 kOe). Hence, the observed ascending/descending hysteresis loops
at several temperatures is explained due to spin reorientation of the antiferromagnetic
vector in the x–z plane, reaching the z-axis at a critical magnetic field, as reported by Jacobs
et al. [21], where a value of 74 kOe at 4.2 K was obtained for the YFeO3 single crystal.
According to Popkov et al. [5], in nanocrystalline materials, the typical WFM hysteresis
cycle is observed only for the YFO phase when their grain sizes are equal and larger than
41 nm, i.e., the YFO material may exhibit WFM, and the exchange spring-like effect may
occur due to its high magnetocrystalline anisotropy energy. Consequently, considering our
experimental results that showed a grain size of 84 (8) nm, we can also expect the observed
ascending/descending branch behaviors of the M(H) loops of the YFO sample. More
precisely, the combined magnetic effects of the enhanced WFM and the presence of AFM
interactions among the Fe ions of the different sites of the orthorhombic crystal structure
gave rise to different local anisotropy contributions, producing high magnetocrystalline
anisotropy due to the size effect and the enhancement of DM (Dzyaloshinskii–Moriya)
interactions in the samples.

The two effects cannot be separated, and the improvement of WFM features can be
explained assuming a canting angle of 13◦, as demonstrated by previous neutron diffraction
analysis [11]. The presence of AFM interactions in the Fe-substituted YCO compounds is
also confirmed by the changes of TN values as a function of Fe content, as displayed in
Figure 11. Indeed, the TN values increase nonlinearly with increasing Fe content, reaching
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the reference value for YFO [8]. Of course, the Fe substitution phenomenon is randomly
changing locally the anisotropy by changing the lattice parameters, as shown by the
XRD results. These modifications favor the spin reorientation and magnetization reversal
phenomena.

T N
 (K

)

Figure 11. Néel temperature TN dependence on x (Fe concentration) estimated from 1000 Oe M(T)
curves. The solid line passing by experimental points is only a guide for viewing.

3.4. Mössbauer Analysis
3.4.1. Measurements at 300 K

In agreement with the magnetization data, the 300 K 57Fe Mössbauer spectra recorded
for samples with different Fe concentrations show, on the one hand, partial (x = 0.50) or
total (x = 0.25) paramagnetic behavior (see Figure 12a). On the other hand, the 300 K 57Fe
Mössbauer spectra of the samples with x = 0.75 and 1.0 show six absorption lines due to the
nuclear Zeeman interaction with a local magnetic hyperfine field (Bhf). The refined values of
the corresponding hyperfine parameters are given in Table 3. The values of isomer shift are
typical of the presence of Fe3+ ions. Another important feature that should be highlighted is
that the line widths of the Mössbauer spectra are generally broader for samples with x = 0.25,
0.50, and 0.75 compared with those of the RS7 sample (x = 1.0), the latter being expected to
show less atomic disorder. Therefore, the broadening effect of magnetic lines is probably
caused by different iron environments, since in the orthorhombic crystal structure of these
perovskites, a 3d5 Fe3+ ion is usually surrounded by 2, 3, 4, 5, or 6 Cr3+ ions in octahedral
sites. The result of the chemical disorder is a hyperfine magnetic field distribution, i.e., a
distribution of static sextets. In particular, the fit of the 57Fe Mössbauer spectrum of the
sample with x = 0.50 was done with two magnetic sextets and one quadrupolar doublet. The
two sextets will represent the different local Fe environments of the orthorhombic crystal
structure, while the doublet, best seen in the inset spectrum recorded in a low-velocity
range, must be associated with Fe3+ ions in the paramagnetic state resulting from Cr3+-rich
environments (TN < 300 K, e.g., for the x = 0.25, TN = 153 K). The features discussed above
tell us that the Fe substitution is not homogeneous, leading to an assembly of clusters
with different compositions, i.e., a chemical disorder in the octahedral sites (B-sites) of the
orthorhombic crystal structure. Thus, the largest magnetic component can be attributed
to Fe3+ ions preferentially surrounded by Fe3+ ions (TN > 300 K), while the quadrupolar
doublet is associated with a neighborhood rich in Cr3+ ions, of course, with TN values
lower than 300 K, as shown by our magnetization data.

116



Nanomaterials 2022, 12, 3516

Figure 12. (a) RT Mössbauer measurements of the Fe-substituted YFexCr1−xO3 compounds. Samples
with x = 1.0, 0.75, and 0.5 are measured with ±12 mm/s. The inset shows the same spectra for x = 0.5
but with a maximal velocity of ±2 mm/s, as in the case of the YFe0.25Cr0.75O3 sample (last spectrum).
(b) Same sample measured at 77 K. The subspectra used to fit these spectra are also shown. The two
sextets represent the two iron configurations in octahedral sites of the orthorhombic crystal structure
of the perovskite.

Table 3. Refined values of the hyperfine parameters at given temperatures.

x T (K)
IS

(mm/s)
± 0.01

2ε or Δ

(mm/s)
± 0.01

Bhf

(T)
± 0.5

Absorption Area
Ratio % ± 2

1
300 0.37 0.00 50.1 100

77 0.48 0.01 55.2 100

0.75

300 <0.38> <0.04> <40.7> 100

77 0.47 0.03 53.8 49
0.47 0.05 52.6 51

<0.47> <0.04> <53.2>

0.50

300 0.39 0.28 62
0.40 −0.24 50.1 22
0.46 −0.12 48.5 8
0.35 0.15 13.3 8

77 0.48 0.02 51.0 62
0.48 −0.10 52.7 38

<0.48> <−0.02> <51.7>

0.25

300 0.36 0.28 100

77 0.47 0.08 47.9 74
0.47 0.08 45.0 23
0.47 0.79 3
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3.4.2. Measurements at 77 K

To better understand the local environment of the 57Fe ions in the orthorhombic crystal
structure, additional measurements were made at 77 K for all Fe-substituted series, and
the corresponding Mössbauer spectra are shown in Figure 12b. At 77 K, below the TN
values of the Fe-substituted YCO compounds (see Figure 11), one would therefore expect a
pure Zeeman nuclear interaction in all 57Fe spectra. The spectra, in general, show all six
expected absorption lines, but with different broadening and asymmetries depending on
the Fe content. While the 77 K Mössbauer spectrum of the YFO (x = 1) compound can be
perfectly described by a single magnetic component, those of RS5, RS3, and RS2 require at
least two magnetic components. The refined values of the hyperfine parameters are given
in Table 3. Thus, to fit these 77 K spectra, we have two magnetic sextets to account for, at
least, two octahedral configurations of Fe3+ ions for samples with non-zero x. The results
clearly show that Bhf values decrease with increasing content. Even at 77 K, the spectrum
of the YFe.25Cr.75O3 sample required an additional quadrupolar doublet, with a fraction of
5% of total spectra. Thus, considering that the magnetization data show a TN value for this
sample equal to 153 K, the quadrupolar doublet must be associated with Fe3+ ions with a
Cr3+ ion-rich neighborhood.

According to the Néel temperature of the series, it is understandable why the samples
with x = 1.0 and 0.75 show hysteresis cycles, although the YFeO3 sample has a lower
magnetic energy than the 50% sample. Similarly, for the other two samples with x = 0.25
and zero, the magnetic susceptibility is consistent with paramagnetic behavior, which is
understandable due to their lower TN values than 300 K. The series contains samples with
weak ferromagnetism and paramagnetic behaviors.

In brief, 77 K Mössbauer spectra were fitted, at least, with two different octahedral
environments for Fe ions, and the results suggest that the presence of Cr ions decreases the
Bhf value, but the difference between the two sextets of the Fe-substituted YCO compounds
increases, except for the pure YFO, where only the sextet was required to have a good fit
of the spectrum. One explanation for this decrease may be due to competing mechanisms
between the antiferromagnetic interactions between Fe–Fe, Fe–Cr, and Cr–Cr exchanges
and the DM interaction. Indeed, the asymmetric DM interaction is known to be the main
interaction responsible for the WFM observed in YFO, where the antiferromagnetic coupling
mechanism is due to superexchange interactions between the t3–O–t3 and e2–O–e2 orbitals,
whereas for the YCO compound, the mechanism is a coupling to the t–e orbitals [22–24].
Therefore, we have in the Fe-substituted YCO samples a mixed exchange mechanism that
is enhanced by the atomic disorder naturally present in our samples. It can be expected
that due to the Fermi contact and the transferred magnetic field contribution to the total
hyperfine magnetic field depend on the s electrons and the superposition of 3d, s, and
p electrons, respectively, there is increasing competition of Fe environments as the iron
concentration of the sample increases. An appropriate calculation using the mean field
theory gave the relationship JFe–Fe > JFe–Cr > JCr–Cr [8].

4. Conclusions

In the present work, the structural and magnetic properties of the Fe-substituted
perovskite series were studied in detail. Specifically, the average crystalline grain size of the
YFeO3 compound, calculated using the harmonic spherical approach in a Rietveld refine-
ment, was 84 (8) nm, a size where weak ferromagnetism can occur in this compound. In the
Fe-substituted YFexCr1−xO3 compounds, X-ray and neutron diffraction patterns collected
at RT and 2 K gave a linear increase in the lattice parameters of the orthorhombic structure
with increasing Fe concentration, where the c-parameter had the most pronounced increase.
This increase obviously translates into an increase in the volume cell and consequently a
change in the magnetocrystalline anisotropy of the samples, i.e., a magnetic anisotropy that
depends on the Fe concentration. Considering that X-ray and neutron diffraction showed
only one crystalline phase for all samples, and the above results of lattice parameters that
showed a gradual increase with increasing iron content, we can highlight that autocom-
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bustion is a useful method for the synthesis of pure YFeO3 with high stoichiometry. The
90 kOe M(H) curves taken at RT and 5 K for all Fe-substituted samples suggest the presence
of spin reorientation and magnetization reversal phenomena associated with homogenous
(Fe–Fe, Cr–Cr) and non-homogeneous pairs of 3d-ions (Fe–Cr). The dependence of the
HC, Mr, and σsat with Fe concentration clearly showed the onset of WFM for x = 0.60–0.80
values. For x = 1.0, the high HC value of 46.7 kOe was calculated after subtracting the AFM
contribution (linear contribution of the paramagnetic phase). This latter result implies that
an enhancement in the WFM is achieved due to chemical inhomogeneity of the YFeO3
phase. Moreover, the values of Mr and σsat at 300 K are in agreement with the values com-
monly found in single crystals. The WFC and ZFC M(T) curves recorded at low (50 Oe) and
high (1000 Oe) probe field analysis allowed the magnetic properties and global magnetic
response of the spin reorientation process to be tuned. The high field M(T) curves allowed
for accurate determination of TN values and showed a nonlinear dependence of TN on
Fe concentration. The sample with x = 0.75 clearly exhibited a higher magnetic disorder,
as corroborated by Mössbauer spectra recorded at 77 K and 300 K. The magnetization
measurement performed in a low probe field of 50 Oe, for the sample with x = 0.50 showed
a diamagnetic-like behavior near the compensation temperature of 245 K, where an inverse
magnetization and the most intense remanence and saturation values at 300 K were found
compared to the other samples. For the low Fe content (x = 0.25) and pure orthochromite
samples, they showed paramagnetic-like behavior at RT, with a magnetic order only below
150 K. Mössbauer spectra allowed us to study the local Fe environment and visualize a
weak enhanced ferromagnetism, due to a remarkable high canting angle (13◦), estimated
previously from neutron diffraction analysis, and its variation with Fe concentration. At
least two octahedral Fe sites were identified in the non-pure Fe-substituted samples, whose
evolution of the magnetic hyperfine field (Bhf) can be explained using the results of mean
field theory reported in the literature. The sample with x = 0.50 showed good magnetic
properties and is a suitable candidate for further study.
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Abstract: Piezo-photocatalytic technique is a new-emerging strategy to alleviate photoinduced charge
recombination and thus enhance catalytic performance. The heterojunction construction engineer-
ing is a powerful approach to improve photocatalytic performance. Herein, the BiOCl/NaNbO3

with different molar ratios piezoelectric composites were successfully synthesized by hydrothermal
methods. The piezo/photodegradation rate (k value) of Rhodamine B (RhB) for BiOCl/NaNbO3

(BN-3, 0.0192 min−1) is 2.2 and 5.2 times higher than that of BiOCl (0.0089 min−1) and NaNbO3

(0.0037 min−1), respectively. The enhanced performance of BN-3 composite can be attributed to the
heterojunction construction between BiOCl and NaNbO3. In addition, the piezo/photodecomposition
ratio of RhB for BN-3 (87.4%) is 8.8 and 2.2 times higher than that of piezocatalysis (9.9%) and
photocatalysis (40.4%), respectively. We further investigated the mechanism of piezocatalysis, photo-
catalysis, and their synergy effect of BN-3 composite. This study favors an in-depth understanding of
piezo-photocatalysis, providing a new strategy to improve the environmental pollutant remediation
efficiency of piezoelectric composites.

Keywords: BiOCl/NaNbO3; heterojunction; piezocatalysis; photocatalysis; degradation

1. Introduction

There is increasing social concern over the current energy and environmental issues,
especially wastewater pollution (originating from rapid industrial development), which
poses a direct threat to human health [1,2]. Researchers are seeking effective, cost-efficient,
stable, and safe ways to degrade and remove hazardous compounds in water. Semicon-
ductor photocatalysis is one of the prominent strategies, not only converting sustainable
solar energy into hydrogen energy but also utilizing visible light to degrade organic pollu-
tants. A large number of semiconductor photocatalysts and their composites have been
reported to improve the water splitting or pollutant degradation performance, such as
ZnO and WO3 [3–5]. Among the various semiconductors, bismuth oxychloride (BiOCl) as
a p-type bismuth oxyhalides semiconductor has an open layered structure composing of
[Bi2O2]2+ layers sandwiched between [Cl2]2− plates, which can facilitate the separation
of photo-produced electrons and holes due to the more space to polarize the atoms and
orbitals involved [6]. However, BiOCl is limited by its wide band gap (~3.4 eV), rep-
resenting favorable photocatalytic performance only under ultraviolet light irradiation.
Therefore, heterojunction–construction engineering is one of the most powerful strategies
to achieve a broader photoresponse and improved photocatalytic activity by constructing
heterostructured BiOCl photocatalysts [7–9].

In addition to photocatalysis, piezoelectric catalysis is also an efficient and environ-
mentally friendly dye degradation method [10–12]. Vibration is one of the most common
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sources of energy in our environment. In piezoelectric catalysis, mechanical vibration gen-
erates an electric charge on the surface of the piezoelectric catalyst through the piezoelectric
effect, which in turn reacts with the dye molecules, leading to the decomposition of the
dye [13,14]. Combining with photocatalysis, piezoelectric materials possess the ability to
reduce the carrier recombination rate due to the existence of an internal piezoelectric field
in piezoelectric materials. In past decades, perovskite niobates, including NaNbO3, have at-
tracted intensive attention because of their nonlinear optics, ionic conductive, piezoelectric,
and photocatalytic properties [15–17]. In addition, the piezo-photocatalysis and pyroelec-
tric catalysis of NaNbO3 have been thoroughly studied in recent years. For example, Jia’s
group has found that NaNbO3 nanofibers possess a highly efficient piezoelectrically and
pyroelectrically bi-catalysis for decomposition of organic dye [18]. It is worth noting that
BiOCl is a piezoelectric material with piezocatalytic activity in response to ultrasound. Jia’s
group have also reported that BiOCl shows highly efficient dye wastewater decomposition
under the condition of light (300 W Xenon lamp) and ultrasound (120 W, 40 kHz) together,
which is much greater than that of only with light or only with ultrasound, respectively [19].
However, there are not any reports for piezo-photocatalysis of BiOCl/NaNbO3 hetero-
junction piezoelectric composite. Therefore, it is necessary to explore the mechanism of
BiOCl/NaNbO3 piezoelectric composite for enhancing degradation efficiency by using the
synergistic effect of piezoelectric catalysis and photocatalysis.

In this work, the BiOCl/NaNbO3 piezoelectric composites were prepared by the
hydrothermal method. The polarization electric field hysteresis loop (P-E) and electric-field-
induced strain (S-E) curves confirm the BiOCl/NaNbO3 composite has good ferroelectric
and piezoelectric properties. The catalytic performance of BiOCl/NaNbO3 piezoelectric
composite was remarkably enhanced by the heterojunction construction and the synergy
effect of piezocatalysis and photocatalysis, which greatly promote the separation of electron-
hole pairs under electric field.

2. Materials and Methods

2.1. Materials Fabrication
2.1.1. Synthesis of NaNbO3

The NaNbO3 powder was prepared by the hydrothermal method. Briefly, 1 g Nb2O5
was added into 30 mL sodium hydroxide (NaOH, 10 M) aqueous solution and stirred for
2 h. Then, transferred above solution into a 50 mL Teflon-lined autoclave and reacted at
180 ◦C for 48 h. The precipitate was washed thoroughly and dried at 80 ◦C.

2.1.2. Synthesis of BiOCl

In brief, 5 mmol bismuth nitrate (Bi(NO3)3·5H2O, 99.5%) and 5 mmol potassium
chloride (KCl) were added into 30 mL deionized water (DI water) and stirred for 0.5 h.
Then, the above solution was transferred into a 50 mL Teflon-lined autoclave and heated at
180 ◦C for 12 h. The precipitate was washed thoroughly and dried at 80 ◦C.

2.1.3. Synthesis of BiOCl/NaNbO3 Composites

Different contents (1, 2, 3, 4 mmol) of NaNbO3 (prepared in 2.1.1) were added into the
30 mL DI water and stirred for 0.5 h, and then, 5 mmol Bi(NO3)3·5H2O and 5 mmol KCl
were added into the solution and stirred for another 0.5 h. The above solution was trans-
ferred into a 50 mL Teflon-lined autoclave and reacted at 180 ◦C for 12 h. The corresponding
composites were named as BN-1, BN-2, BN-3, BN-4.

2.2. Photocatalytic Performance Experiment

The piezo/photocatalytic activities were evaluated by the degradation of RhB under
UV–vis light irradiation and ultrasound. The 0.1 g catalyst was added into the RhB aqueous
solution (100 mL, 5 mg/L) in dark and stirred for 30 min to reach adsorption–desorption
equilibrium. After that, the mixed solution was treated with UV–vis light irradiation
(300 W Xe lamp) and ultrasonic (50 W, 40 kHz). Change the water every five minutes
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to avoid the effects of temperature. A 4 mL solution was taken out every 20 min and
centrifuged to remove the catalyst. The residual amount of RhB was recorded by the
UV–vis spectrophotometer (Yoke, N6000, Shanghai, China) within the range of 300–800 nm.

2.3. Characterization

X-ray diffractometer (XRD) patterns were obtained to validate the phase purity and
crystallinity of the powders on the XRD equipment (Rigaku Smartlab Beijing Co, Beijing,
China). Scanning electron microscope (SEM) images of the prepared catalysts, including
energy dispersive X-ray spectroscopy (EDS) capabilities, were measured with an SEM
Regulus 8230, Hitachi Co, Tokyo, Japan. The transmission electron microscope (TEM)
was used by JEOL JEM-F200 (Tokyo, Japan). The absorption spectra of these powders
were tested in a UV-vis spectrophotometer (PerkinElmer Lambda 35, Waltham, MA, USA).
X-ray photoelectron spectroscopy (XPS) was carried out with a ESCALAB 250, Thermo-VG
Scientific, Waltham, MA, USA to analyze the components and the valence states. The
specific surface areas of the samples were tested by Micromeritics ASAP 2460 Brunauer-
Emmet-Teller (BET, Shanghai, China) equipment with N2 as the carrier gas. The polarization
electric field (P-E) loops and electric-field-induced strain (S-E) were tested in silicone oil
at room temperature with 1 Hz frequency using a MultiFerroic II, Radiant technologies
Inc., Albuquerque, New Mexico. The sample powders were pressed in a pellet (1 cm
diameter and 0.20 mm thick) with Polyvinyl Alcohol (PVA) solution as a binder and then
annealed at 600 ◦C to burn out the PVA binder. The pellets were coated on both sides with
Au electrodes.

3. Results and Discussion

X-ray diffraction patterns (XRD) of BiOCl, NaNbO3, and a series of BiOCl/NaNbO3
piezoelectric composites are shown in Figure 1a. The distinct diffraction peaks of pure
BiOCl can be related to tetragonal BiOCl (PDF card no. 82–0485, space group: P4/nmm),
and the diffraction peaks of pure NaNbO3 can be indexed to orthorhombic NaNbO3 (PDF
card no. 77–0873, space group: P21ma). As for BiOCl/NaNbO3 piezoelectric composites
(BN-1, BN-2, BN-3, BN-4), there are both BiOCl and NaNbO3 peaks can be observed. In
addition, the crystallite sizes were calculated by Scherrer formula: D = Kλ

βcosθ , where D is
crystallite size (nm), K is 0.9 (Scherrer constant), λ is 0.15406 nm (wavelength of the X-ray
sources). The average crystallite sizes of BiOCl, NaNbO3, and BN-3 are 57, 22, and 56 nm.
With the increase of NaNbO3 content, the diffraction peaks increased. The UV–vis diffuse
reflectance spectra (DRS) of BiOCl, NaNbO3, and BN-3 are exhibited in Figure 1b, which
indicate the absorbance threshold of NaNbO3, BiOCl, and BN-3 are the same. The estimated
band gaps (Eg) of BiOCl and NaNbO3 are computed in Figure 1c by (Ahv)2/n ∼ hv − Eg,
where A is for absorbance, hv is for irradiation energy [20], and the obtained values are 3.44
and 3.52 eV, respectively. The valance band X-ray photoelectron spectroscopy (VB XPS)
spectra in Figure 1d show that the valance band values of BiOCl and NaNbO3 are 2.57 and
2.50 eV. Together with the band gaps, the conductive band (CB) position can be calculated
by EVB = ECB − Eg, which are −0.87 (BiOCl) and −1.02 eV (NaNbO3).

The morphology and microstructure of the BN-3 powder were investigated by scan-
ning electron microscopy (SEM), element mapping and transmission electron microscope
(TEM), and the results were shown in Figure 2. From Figure 2a, the irregular particles
can be observed and the distribution of the corresponding main elements are shown in
Figure 2b–f. The different colored areas suggest that Nb-, Na-, O-, Bi-, and Cl-enriched
areas of the BN-3 composite, respectively. The TEM image of the BN-3 powder is displayed
in Figure 2g. The lattice spacing of 0.343 and 0.273 nm in Figure 2h–i are corresponding to
the (101) of BiOCl and (121) plane of NaNbO3, respectively. The result agrees well with
that in the XRD patterns as shown in Figure 1a.
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Figure 1. (a) XRD patterns of BiOCl, NaNbO3, and BiOCl/NaNbO3 piezoelectric composites; (b) UV–
vis absorption spectra; (c) the estimated band gaps of BiOCl and NaNbO3; (d) VB XPS spectra of
BiOCl and NaNbO3.

X-ray photoelectron spectroscopy (XPS) spectra of the BiOCl, NaNbO3, and BN-3
piezoelectric composite are shown in Figure 3. From Figure 3a, the peaks of Bi 4f of BiOCl
(BN-3) located at 159.60 (159.24 eV) and 164.90 eV (164.52 eV) can be assigned to Bi 4f7/2
and Bi 4f5/2, respectively, suggesting the Bi3+ exists in the BiOCl (BN-3). In Figure 3b, the
Cl 2p peaks at 198.29 (197.90 eV) and 199.93 eV (199.54 eV) can be attributed to Cl 2p3/2 and
Cl 2p1/2, respectively, which indicate the Cl− in BiOCl (BN-3) [21]. The peak at 1070.62 eV
(1071.42 eV) in Figure 3c is ascribed to Na 1s in NaNbO3 (BN-3). In Figure 3d, it is clearly
seen that the binding energies located at 206.67 (207.05 eV) and 209.40 eV (209.78 eV)
belong to Nb 3d5/2 and Nb 3d3/2, respectively, reflecting that Nb is in the Nb (+5) chemical
state [22]. As shown in Figure 3e, the peaks located at 530.39 (BiOCl), 529.60 (NaNbO3),
and 529.98 eV (BN-3) correspond to O 1s. Compared with BiOCl, the blue shift of all peaks
for BN-3 can be observed, while the red shift compared with NaNbO3. The XPS survey
spectra also indicate that BiOCl is composed of Bi, O, and Cl elements, and NaNbO3 is
mainly composed of Na, O, and Nb elements, while BN-3 contains all elements above,
as shown in Figure 3f. In short, the XPS results demonstrate that the BN-3 piezoelectric
composite is composed of BiOCl and NaNbO3.

The polarization electric field hysteresis loop (P-E) and electric-field-induced strain
(S-E) curves of BN-3 composite are displayed in Figure 4. From Figure 4a, a saturated and
nearly squared P-E loop can be observed, and the remnant polarization (Pr) is 35.13 μC/cm2

and the coercive field (Ec) is 8.72 kV/mm. The result shows that BN-3 composite has well
ferroelectric properties, favoring the spatial separation and transportation of photo-induced
carriers [23]. The S-E curve in Figure 4b exhibits an asymmetric butterfly shape, confirming
the piezoelectricity of the BN-3 composite [24,25].
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Figure 2. (a) SEM image; (b–f) EDS element mappings; (g) TEM image; (h,i) lattice fringes images
of BN-3.

Consequently, the piezo/photocatalytic activities of BiOCl, NaNbO3, and BiOCl/
NaNbO3 piezoelectric composites were evaluated by the degradation of Rhodamine B
(RhB) under the condition of light irradiation and ultrasound. From Figure 5a, BN-3
exhibits better piezo/photocatalytic performance than that of BiOCl, NaNbO3, and other
content BiOCl/NaNbO3 composites. The rate constant k values are obtained from Figure 5a
via the pseudo-first-order equation [26]: ln(C0/Ct) = −kt, where C0 is RhB concentration
for initial and Ct is for after irradiation time t. And the decomposition ratio is calculated
via the formula: η =

(
1 − Ct

C0

)
× 100%. As shown in Figure 5b, the apparent reaction

rate constant k for BiOCl, BN-1, BN-2, BN-3, BN-4, and NaNbO3 is 0.0089, 0.0112, 0.0134,
0.0192, 0.0168, and 0.0037 min−1, respectively. The piezo/photodegradation rate of RhB
for BN-3 is 2.2 and 5.2 times higher than that of BiOCl and NaNbO3, the histogram in
Figure 5c reflects this directly. The degradation percentages of BiOCl, NaNbO3 and BN-3
are 29.8%, 61.9% and 87.4%, respectively. In addition, the BET surface areas of BiOCl,
NaNbO3, and BN-3 are 0.24, 2.00, and 1.32 m2/g, and the pore volumes are 0.0008, 0.0088,
and 0.0037 cm3/g, respectively. The BET surface areas of the samples are in the same
order of magnitude, which means the BET surface areas not can decisive the catalytic
activity. This result indicates the heterojunction in BN-3 exerts a tremendous advantage
on the piezo/photocatalytic process. To investigate the most reactive species during the
process of RhB decomposition, the radical trapping experiments were carried out in the
presence of BN-3 as a catalyst. From Figure 5d, the piezo-photodegradation efficiency of
RhB is remarkably inhibited while adding the triethanolamine (TEOA, 50 μL) scavenger for
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trapping hole (h+) to the mixed solution, demonstrating an important role of h+ in the piezo-
photocatalytic process. While L-ascorbic acid (VC, 40 mg) for superoxide radical (·O2

−) was
added, the degradation efficiency also decreased rapidly. The RhB degradation efficiency is
decreased slightly by adding the isopropanol (IPA, 50 μL), reflecting the hydroxyl radical
(·OH) plays a secondary role in this process. These results indicate that the effect in this
piezo-photocatalytic process is: h+ >·O2

− >·OH.

Figure 3. XPS survey spectra of BiOCl, NaNbO3, and BN-3: (a) Bi 4f; (b) Cl 2p; (c) Na 1s; (d) Nb 3d;
(e) O 1s; (f) Survey.
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Figure 4. (a) The ferroelectric P-E loop and (b) electric field-induced S-E curve of BN-3 composite.
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Figure 5. (a) The kinetic curves of piezo-photodegradation RhB performance for BiOCl, NaNbO3, and
BiOCl/NaNbO3 piezoelectric composites; (b) the dynamics of degradation reaction [(−ln(Ct/C0)];
(c) the histogram of corresponding reaction rate constant; (d) piezo-photodegradation curves with
disparate scavengers of BN-3 composite.

To demonstrate the piezocatalysis, photocatalysis, and the synergy effect of piezocatal-
ysis and photocatalysis of BN-3 piezoelectric composite, the RhB degradation capability
within 100 min was measured under the condition of ultrasound only, light only, and
ultrasound + light together. UV–vis absorption spectra of RhB for BN-3 under different
conditions are shown in Figure 6a,c,e, which correspond to light, ultrasound, and both light
and ultrasound, respectively. From Figure 6b,d,f, the degradation rate is the lowest under
the condition of only ultrasound, the rate constant k (0.0005 min−1) and decomposition
ratio (9.9%) are well below those of the condition of only light (0.0044 min−1 and 40.4%)
and light + ultrasound together (0.0192 min−1 and 87.4%). The decomposition ratio of RhB
under synergy of piezocatalysis and photocatalysis is 8.8 and 2.2 times higher than that
of piezocatalysis and photocatalysis, respectively. The rate constant k under synergy of
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piezocatalysis and photocatalysis is 38.4 and 4.36 times higher than that of only ultrasound
and only light. In addition, based on the same condition, compared to other piezoelectric
materials past reported, the k value of BN-3 is higher than that of NaNbO3/CuBi2O4
nanocomposites (0.0112 min−1) [27], and closing to that of BaTiO3/KNbO3 heterostructure
(0.01492 min−1) [28]. The result confirms that the synergy effect of piezocatalysis and
photocatalysis of BiOCl/NaNbO3 piezoelectric composite plays an important role in the
highly efficient degradation of RhB. One of the key parameters in the piezo-photocatalyst
is reproducibility, and Figure 7 shows the cycling performance of the piezo-photocatalytic
activity of BN-3 for degrading RhB. After three cycles, the degradation efficiency is just
reduced a little. This result evidences that BN-3 possesses a high reproducibility.
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Figure 6. UV–vis spectral absorption of RhB for BN-3 under the condition of (a) only light, (c) only
ultrasound and (e) light + ultrasound; (b) the kinetic curves of RhB degradation for BN-3 under these
three control conditions; (d) the dynamics of degradation reaction [(−ln(Ct/C0)]; (f) the histogram of
corresponding reaction rate constant and decomposition ratio.

On the basis of the above analysis, the possible mechanism for piezocatalytic, photo-
catalytic, and their synergetic catalytic process of BiOCl/NaNbO3 piezoelectric composites
are shown in Figure 8. According to our experiment, the valance band of NaNbO3 is
2.50 eV, while BiOCl is 2.57 eV; the conductive band of NaNbO3 is −1.02 eV, while BiOCl is
−0.87 eV. In the condition of only light, the photoelectrons are excited from the valance
band to the conductive band, and the electrons will transfer from the conductive band
of NaNbO3 to the conductive band of BiOCl, and thus build an inner electric field. The
built-in electric field can promote the separation of electrons and holes. However, there
is still a combination of electrons and holes in the inner of BiOCl/NaNbO3 piezoelectric
composites because the built-in electric field is easily prone to be screened by electrostatic
compensated free space charges [29]. This reduces the degradation efficiency of RhB. In
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the condition of only ultrasound, the cavitation bubbles will form, expand, and burst, an
amount of electric charge can be generated [30,31]. These positive and negative charges
will transfer to the opposite directions under the influence of the alternating built-in electric
field. In the condition of both light and ultrasound, the electrons and holes located at the
conductive band and valance band will transfer to the opposite directions under the inter-
nal piezoelectric potential, causing electrons to accumulate in the conductive band of BiOCl
and holes accumulate in the valance band of NaNbO3 [32–34]. Subsequently, the electrons
on the CB of BiOCl combined with the absorbed O2 to produce ·O2

−. Meanwhile, part
holes on the VB of NaNbO3 will oxidize hydroxyl to form ·OH. Finally, the reactive species
·OH, h+, and ·O2

− will participate in the oxidative degradation of RhB. The combination
rate of electrons and holes will be reduced significantly under the built-in electric field, thus
the decomposition ratio of BiOCl/NaNbO3 piezoelectric composite increased remarkably.
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Figure 7. The cycling performance of the piezo-photocatalytic activity of BN-3 for degrading
RhB solution.

Figure 8. Possible piezocatalytic, photocatalytic, and piezo-photocatalytic mechanism of BiOCl/
NaNbO3 piezoelectric composites.

4. Conclusions

In conclusion, BiOCl/NaNbO3 piezoelectric composites are synthesized via a two-
step hydrothermal route. Under UV–vis light and ultrasonic exposure, the BN-3 for
piezo-photocatalytic decomposition of RhB demonstrate remarkable piezo-photocatalytic
performance than that of BiOCl and NaNbO3 component due to the heterojunction con-
struction. Furthermore, the piezo/photodegradation rate of RhB for BN-3 is higher than
that of piezocatalysis and photocatalysis, indicating the synergistic effect of piezocatalysis
and photocatalysis plays a significant role in the degradation process. Some issues, such
as the specific promotion mechanism of the NaNbO3 and BiOCl of the contribution of the
piezo-photocatalytic performance, need to be further investigated for better understand-
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ing. However, this work provides a feasible approach for the development of efficient
piezoelectric photocatalysts for heterojunction construction.
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Abstract: The CH3NH3PbI3 (MAPbI3) powders were ground by PbI2 and CH3NH3I prepared by
ice bath method. The humidity sensitive properties of an impedance-type sensor based on MAPbI3

materials were systematically studied. Our results indicate that the MAPbI3-based sensor has superior
sensing behaviors, including high sensitivity of 5808, low hysteresis, approximately 6.76%, as well as
good stability. Water-molecule-induced enhancement of the conductive carrier concentration was
argued to be responsible for the excellent humidity sensitive properties. Interestingly, the humidity
properties can be affected by red light sources. The photogenerated carriers broke the original balance
and decreased the impedance of the sensor. This work promotes the development of perovskite
materials in the field of humidity sensing.

Keywords: humidity sensing; impedance-type sensors; organometallic halide perovskite

1. Introduction

Perovskites with the formula of AMX3 (where A stands for an organic group or inor-
ganic cation with twelve neighboring, X is a halide anion, and M is a metal cation) have
been evidenced to be exciting solar absorber materials [1]. Besides the light harvesting
performance, these compounds have recently demonstrated several intriguing properties,
such as high dielectric constant [2], ferroelecticity [3], photorestriction [4], resistive switch-
ing [5], and optical cooling [6]. However, the AMX3 perovskites suffer from the major
obstacle of chemical and structural instability because they are sensitive to environmental
factors. Previous work indicated that the perovskite lattice can interact with the polar water
molecules due to the formation of strong hydrogen bonds between water molecules and
the halide lattice [7]. This characteristic makes the properties of AMX3 heavily dependent
on the environment moisture. For example, Alberto García-Fernández et al. [8] investigated
the electric properties of CH3NH3PbI3 (MAPbI3) in wet and dry environments. The results
showed that both capacitance and conductivity in wet condition were several orders of
magnitude larger than those in dry condition. This humidity sensitive feature gives the ma-
terials tremendous promise as probes for sensing of humidity. Truly, outstanding humidity
performances of large sensitivity, remarkable fast response/recovery time, small hystere-
sis loop, and good linearity were reported in humidity sensors based on Cs2PdBr6 [9],
CH3NH3PbI3−xClx [10,11], Cs2BiAgBr6 [12], and CsPbBr3 [7].

MAPbI3, being an important member of the AMX3 family, has properties that strongly
depend on environment humidity [8], indicating that it can be used as a humidity sensing
material. Although humidity detection by MAPbI3 was attempt by Ilin and co-authors [13],
details about its humidity performances have not been studied. Additionally, because
of the low-cost solution-based method and cheaper CH3NH2, perovskite MAPbI3 is less
expensive than most humidity sensing materials such as CsPbBr3 [14], Cs2PdBr6 [9], and
Cs2BiAgBr6 [12]. Moreover, it was proved that illumination could lead to a giant dielectric
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constant of lead halide perovskite [2]. Hence, we herein present a systematical investigation
on the humidity performances of an impedance-type humidity sensor based on MAPbI3.

In this work, MAPbI3 was fabricated by grinding CH3NH3I made from an ice bath
with PbI2. The humidity sensing performance of the humidity sensor based on perovskite
MAPbI3 were tested at room temperature in the range of 11–94% relative humidity. Our
results show that the MAPbI3-based humidity sensor exhibits high humidity sensitivity
performance. The possible mechanism of the humidity sensitivity and photoinduced
changes were also discussed.

2. Materials and Methods

2.1. Powder Preparation

Methylamine iodide (MAI) was synthesized from 24 mL methylamine (MA) solution
and 10 mL hydroiodic acid (HI) solution [15]. MA solution and HI solution were firstly
mixed in a smaller beaker that was placed in a larger beaker at 0 ◦C. The mixed solution
was continuously stirred in an ice bath for 120 min until evenly mixed to form a slightly
yellowish solution. Then, the resulting mixture was evaporated in a vacuum oven at
90 ◦C for 7 h until a white precipitate was obtained. After naturally cooling down to
room temperature, the obtained precipitate was washed 3 to 4 times with ether in a
centrifuge. Eventually, the precipitate was dried at 60 ◦C for 24 h to obtain white crystalline
powder MAI.

Preparation of lead methyl iodide triiodide (MAPbI3). An equal molar amount of MAI
powder and PbI2 powder were ground in an agate mortar for 20 min until a visually black
powder was obtained.

2.2. Characterization of Materials

The crystalline phase composition and structure of all powders were examined by
X-ray diffraction (XRD, Rigaku Smartlab Beijing Co. Beijing, China) using Cu K α radiation.
The morphology of MAPbI3 powders was analyzed by scanning electron microscope
(SEM, Model S 4800, Hitachi Co, Tokyo, Japan). The possible ferroelectricity of MAPbI3
was investigated by measuring polarization-electric field (P-E) hysteresis loop using a
TF analyzer (MultiFerroicII, Radiant technologies Inc, Albuquerque, New Mexico). In
doing so, Au top electrodes were sputtered onto the surface of MAPbI3 film to form a
sandwich structure of Au/MAPbI3/Au. The ultraviolet photoelectron spectroscopy (UPS)
measurement was carried out using He-I radiation (21.2 eV) in vacuum (10−8 mbar) to
measure the highest filled energy level of valence band (VBM) of MAPbI3 film. The sample
was biased at −10 V for measurement in the secondary electron cut off region.

2.3. Humidity Sensor Fabrication and Performances Measurements

The MAPbI3-based humidity sensor was fabricated by aerosol deposition method on
Al2O3 substrate covered with Au interdigitated electrodes. Figure 1 presents the photo
images of the Al2O3 substrate and fabricated sensor. The sensor fabrication processes are
as follows: firstly, a little amount of MAPbI3 powder was mixed with anhydrous ethanol,
and ultrasound for 15 min to form a homogeneous paste. Then, the paste was uniformly
sprayed onto a Al2O3 substrate using a 0.2 mm caliber spray pen (Sao Tome V130). Two
copper wires were fixed on the electrodes with silver glue. Finally, the sensor was dried at
100 ◦C for 10 min and naturally cooled down to indoor temperature. The whole process of
sample preparation was shown in Figure 2.
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Figure 1. (a) Photo images of the Al2O3 substrate with Au interdigitated electrodes; and (b) the
MAPbI3-based humidity sensor.

Figure 2. (a) Ice bath method; (b) grinding; (c) the structure of MAPbI3 powder; (d) aerosol deposition
method; and (e) the polycrystalline layer structure of MAPbI3 thin film.

The different relative humidity (RH) environments were obtained by saturated salt
solutions of LiCl, MgCl2, Mg (NO3)2, NaCl, KCl, and KNO3 in closed containers. The
environments above these solutions can provided RH levels of 11, 33, 54, 75, 85, and
94%, respectively. The impedance of the sensor was measured by an impedance analyzer
(Hioki 3532-50 LCR). The experimental setup was illustrated in Figure 3. The influence of
illumination on the MAPbI3-based sensor was reflected by impedance variation with and
without light provided by 10 small red LED lights.
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Figure 3. Schematic of the humidity sensing experimental setup: (a) PC; (b) Hioki 3532-50 LCR; and
(c) different humidity environments.

3. Results

3.1. Structure and Morphology Characterizations

The XRD pattern of the MAPbI3 powder was shown in the Figure 4a. The peaks at
14.1◦, 28.4◦, 31.7◦, 40.5◦, and 43.0◦ are assigned to (110), (220), (310), (224) and (314) planes,
respectively. These peaks agree perfectly with MAPbI3 perovskite tetragonal structure (The
COD ID of MAPbI3 is 2107954) [16]. The average grain size of the MAPbI3 powder was
clarified to be ~1.39 μm from the SEM image shown in the inset of Figure 4a. Figure 4b
shows the P-E loops of the MAPbI3 measured at room temperature with a frequency of
10 Hz under various voltages of 15, 30, and 45 V. The thickness of the film is 450 mm.
The ellipse-shaped P-E loops indicate that the MAPbI3 exhibits no ferroelectric behavior
macroscopically at room temperature. This result is consistent with that reported in
Refs. [3,17].

Figure 4. (a) XRD pattern and SEM image of MAPbI3 powder; and (b) P-E loops of MAPbI3 film
measured at the frequency of 10 Hz under the voltage of 15, 30, and 45 V.
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3.2. Humidity Sensitive Properties

The humidity sensitive performance of the MAPbI3-based resistive sensor was studied
by testing the impedance upon exposing the sensor to various RH levels with the a duration
time of 5 min in each level. Figure 5a presents the impedance as a function of RH level of the
MAPbI3-based sensor at different frequencies. The impedance decreases with increasing
measurement frequency. The curve measured with 100 Hz shows the largest impedance
variation. Hence, 100 Hz is chosen as the optimum measuring frequency and will be used
in the following part.

Figure 5. (a) The impedance as a function of RH level of the MAPbI3-based sensor at different
frequencies; (b) the contrast between the MAPbI3-based sensor and other impedance-type humidity
sensors in published literature.

Based on the data in Figure 5a, the humidity sensitive response (S) of the sensor can
be calculated according to the relation [18,19]:

S = Zd/Zh (1)

where Zd and Zh are the impedance values measured at 11%RH and at a specific RH level,
respectively. The MAPbI3-based sensor showed a superior sensitivity of S = 5808. Figure 5b
displays a contrast of sensitive response between the MAPbI3-based sensor and other
impedance-type sensors reported in the literature [12,20–24]. The comparison highlights
that the MAPbI3 shows the largest sensitivity.

For the purpose of fully characterizing the performance of the MAPbI3-based sensor,
the hysteresis and recovery/response curves of the MAPbI3-based sensor were tested at
100 Hz. The results were given in Figure 6a,b, respectively. The hysteresis curve was
acquired by switching the sensor between the containers with the different RH levels of
11, 33, 54, 75, 85 and 94% in turn, and then shifting back. After an exposure duration of
5 min in each of the RH levels, the impedance was recorded under the optimum frequency
of 100 Hz. Based on the measured impedance values, the humidity hysteresis values can
be reckoned by the following formula [25]:[

log(Zads)− log(Zdes)

log(Zads)

]
× 100% (2)

where Zdes and Zads represent the impedance value of the desorption and the adsorption
processes, respectively. A hysteresis value of 6.76% is obtained at 11%RH for the MAPbI3-
based sensor. The physical adsorption, which is toilless to be desorbed in MAPbI3 material,
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is much larger than the chemical adsorption that can be weakly influenced by environment
humidity at low humidity level, which results in good hysteresis behavior of the sensor
at low RH levels. Studies have shown that there is a steep increase in the water uptake
in the RH level beyond 80%RH [26]. Therefore, the sensor still exhibits notable hysteresis
under high humidity levels because the physical adsorption is greatly increased. Figure 6b
displays the response and recovery time for the MABbI3-based sensor recorded between
11% and 94%RH. The result shows that the response and recovery times are 31 s and 148 s,
respectively. Response/recovery time under other relative humidity levels are listed in
Table 1.

Figure 6. (a) Hysteresis behavior and (b) recovery/response time of the MAPbI3-based sensor (Z/Z0

is the normalized impedance to the initial impedance Z0).

Table 1. Hysteresis and response/recovery time under different RH levels of the MAPbI3-based sensor.

Hysteresis Response Time (s) Recovery Time (s)

MAPbI3-based sensor Max = 18.61% (75%RH)
Min = 6.76% (11%RH)

64 (11%→33%) 90 (33%→11%)
56 (11%→54%) 89 (54%→11%)
77 (11%→75%) 131 (75%→11%)
56 (11%→85%) 134 (85%→11%)
31 (11%→94%) 148 (94%→11%)

The repeatability of the sensor was measured by switching the sensor between 11 and
94%RH levels for 5 cycles. The stability test was conducted over a period of 135 days. The
results of repeatability and stability were shown in Figure 7a,b, respectively. After 5 cycles,
the impedance under 11%RH remains 88.13% of the initial value, while under 11%RH,
the impedance hardly changes. This result indicates that the sensor shows satisfactory
repeatability. The impedance curves shown in Figure 7b remain almost constant, revealing
that the sensor exhibits good long-term stability.

3.3. Influence of Light on the Humidity Sensing Properties

Previous work has indicated that red light affects the electric properties of MAPbI3 [26].
To investigate the influence of illumination on the humidity sensing properties of the
MAPbI3-based sensor, 10 red LED lights were used as light source. The humidity sensor
was placed in the environments of 11%, 54%, and 94%RH successively, and the impedance
values were recorded during the three stages of darkness–lightness–darkness with the
duration time of 300 s in each stage. The results were plotted in Figure 8. It is clearly shown
that under a low humidity level of 11%RH, the impedance can be notably reduced by the
light because the photogenerated carrier breaks the original carrier balance and increases
the electron concentration, leading to the enhancement of electron conductivity. In the
medium and high humidity levels, a similar situation of illumination-induced impedance
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decrease to that of the low humidity level was observed when the lights were on. However,
this impedance variation becomes much weaker than that in 11%RH. However, in the later
stage of lighting, the electron concentration decreases due to electron–hole combination, so
the impedance increases again. After the light source was switched off, considering that the
non-equilibrium carriers does not disappear immediately, the impedance value increases at
low and medium humidity levels due to the electron–hole interaction. However, impedance
remarkably decreases at high humidity level, probably because the interaction between the
light source and the continuous layer of water that forms on the surface of the sample.

Figure 7. Repeatability (a) and long-term stability (b) of the MAPbI3-based sensor.

Figure 8. Illumination-induced impedance variations of the MAPbI3-based sensor in the environment
of (a) 11%, (b) 54%, and (c) 94%RH.

4. Discussion

To investigate the sensing mechanism, complex impedance diagrams of MAPbI3-based
sensor were measured with different RH levels. Figure 9 displays the complex impedance
plots (Nyquist plots) obtained in different RH environments. At the low RH levels of 11 and
33%, the Nyquist plots are arc-like curves with large radius. The large radius indicates the
high resistance at low humidity levels. The arc shrinks with the increasing of RH from 33%
to 54%. A whole semicircle followed by a liner line in the low-frequency range is visible
within the measuring frequency range when the RH beyond 75%RH. Further increasing
the RH level, the semicircle becomes smaller, but the linear line becomes longer. This
phenomenon indicates that both the resistance and reactance underwent a large decrease
as the RH increases.
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Figure 9. Complex impedance diagrams of the MAPbI3-based sensor with different RH levels.

Previous work has manifested that the absorbed water molecules can deform the
crystal lattice. As the content of water molecules increases to one molecule in one unit
cell, this deformation becomes prominent, but the crystal structure is still not broken
down [11]. This implies that perovskite materials have good capability accommodating
water molecules. Figure 10a presents the UPS spectrum of the material, where the VBM is
1.35 eV below Ef, and its secondary electron truncation is located at 19.5 eV. In addition to
the band gap value calculated from the absorption spectrum, the band structure is acquired
and depicted in Figure 10b (the Eg of MAPbI3 is 1.55 eV), where a standard n type feature
could be concluded. With more water molecules absorbed by the structure, more electrons
would be injected. This would lift the Ef of the material and enhance the conductivity of the
material [11]. However, perovskite MAPbI3 would form the hydrate-CH3NH3PbI3·H2O
under high humidity [27]. It is clearly shown in Figure 5a that the impedance of MAPbI3-
based sensor decreases rapidly at low and moderate humidity levels, while the impedance
value decreases slowly at high humidity level. Besides, the color of MAPbI3-based sensor
changes from black to yellow and then back to black when the sensor was successively
exposed to 11, 94%RH and then back to 11%RH for 5 min at each RH level, which indicates
the degradation is reversible. Therefore, under high humidity, most of the water molecules
entering the crystal lattice were used to form hydrate, which leads to slow increase of
electrons in the conduction band and slow increase of electrical conductivity. Moreover,
due to the limitation of perovskite crystal structure, the hydrate formed is limited, so the
electrical conductivity of this material increases slowly.

Figure 10. (a) The direct UPS spectrum of the as-grown bare MAPbI3; and (b) the energy level
diagrams of as-grown MAPbI3 in the cases before and after absorbing water molecules.
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5. Conclusions

In this work, we present investigation on the humidity properties on the MAPbI3-
based sensor. The results show that the sensor exhibits high sensitivity, superior to that of
many perovskite materials. The humidity performances were argued to be caused by the
fact that water molecules entered the perovskite lattice, serving as a strong n-type dopant
that greatly enhances the concentration of conductive electrons. Our results emphasize that
the MAPbI3 perovskite has a great promise as humidity sensing material and could have
widespread applications in humidity sensor.
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Abstract: In this paper, the effect of atomic layer deposition-derived laminated interlayer on the
interface chemistry and transport characteristics of sputtering-deposited Sm2O3/InP gate stacks
have been investigated systematically. Based on X-ray photoelectron spectroscopy (XPS) measure-
ments, it can be noted that ALD-derived Al2O3 interface passivation layer significantly prevents the
appearance of substrate diffusion oxides and substantially optimizes gate dielectric performance.
The leakage current experimental results confirm that the Sm2O3/Al2O3/InP stacked gate dielec-
tric structure exhibits a lower leakage current density than the other samples, reaching a value of
2.87 × 10−6 A/cm2. In addition, conductivity analysis shows that high-quality metal oxide semi-
conductor capacitors based on Sm2O3/Al2O3/InP gate stacks have the lowest interfacial density
of states (Dit) value of 1.05 × 1013 cm−2 eV−1. The conduction mechanisms of the InP-based MOS
capacitors at low temperatures are not yet known, and to further explore the electron transport in
InP-based MOS capacitors with different stacked gate dielectric structures, we placed samples for
leakage current measurements at low varying temperatures (77–227 K). Based on the measurement
results, Sm2O3/Al2O3/InP stacked gate dielectric is a promising candidate for InP-based metal oxide
semiconductor field-effect-transistor devices (MOSFET) in the future.

Keywords: MOS capacitors; Sm2O3 high-k gate dielectric; atomic layer deposition; conduction
mechanisms; interface state density

1. Introduction

As the integration of IC continues to increase, CMOS feature sizes will also continue to
decrease in order to reduce the cost of individual transistors, increase the switching speed of
transistors, and reduce the power consumption of the circuit. As the feature size of CMOS
devices continues to decrease, it will also cause the SiO2 gate dielectric and Si substrate
used in conventional processes to decrease in size as well. When the size is smaller than a
certain limit, the gate leakage current will grow exponentially, while the device will not
operate properly due to the laws of quantum physics [1,2]. The use of high-k materials for
the replacement of SiO2 gate dielectrics is an option that has been shown to be feasible [3].
Among these high k materials, samarium oxide (Sm2O3) is considered as the next potential
gate dielectric due to its high dielectric constant (~15) [4], sufficiently large band gap
(5.1 eV) [5], low hygroscopicity, and high chemical and thermal stability [6]. Coulomb
scattering and phonon scattering at the interface between the high-k gate dielectric and the
channel material lead to a significant reduction in channel mobility, which severely affects
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the further increase in the speed of CMOS logic devices. Selecting channel materials with
high mobility is an effective way to solve this problem [7]. Compared with conventional
Si-based material CMOS devices, III-V group semiconductors have advantages due to their
large switching speed and small dynamic power consumption [8]. Among the group III-V
semiconductors, InP has received more attention due to its higher carrier mobility and
smaller band gap [9].

However, InP is prone to the formation of interfacial defects, which can limit the
operating performance of the device [10]. Also, a surface with many chemical impurities
can have a considerable impact on the performance of InP MOS capacitors [11]. High Dit
leads to the frequency dispersion of the Fermi energy level pegging and capacitance, which
also prevents the formation of inverse or accumulation layers in CMOS devices [12].

Different InP surface passivation methods have been investigated for a long time,
including low-temperature processes [13], ozone treatment [14], chemical etching [15],
and sulfide solution passivation [16,17]. A great deal of work has also been devoted
to atomic layer deposition (ALD) passivation layers to modulate the InP interface [18].
It has been demonstrated that ALD-derived Al2O3 films can effectively suppress the
interfacial diffusion from the substrate to the high-k films. More importantly, the operating
temperature can be kept low (~200 ◦C) when the Al2O3 film is on the passivated substrate
surface. There are previous reports confirming that the insertion of Al2O3 between the
high-k gate dielectric and GaAs can improve the thermal stability. However, even in the
presence of an Al2O3 passivation layer to improve the interface, the diffusion of In and P
elements into the gate dielectric still has an impact on the electrical characteristics of the
device when fabricating InP MOS capacitors. R. V. Galatage et al. reported that the In-O
and P-O states at the interface lead to a degradation of the electrical characteristics [19].
Their results also demonstrated the effectiveness of ALD-derived Al2O3 passivation layers
between the gate dielectric and the InP substrate. Chee-Hong An et al. systematically
analyzed that Al2O3 can inhibit dissociation and reactant diffusion in InP substrates [20].
However, the effect of the position of the Al2O3 passivation layer on the electrical properties
and interfacial bonding state of InP MOS devices has not been reported systematically.

In this work, we deposited Sm2O3 films by magnetron sputtering and obtained
Al2O3 passivation layers by ALD equipment to fabricate three different gate stacks on
InP substrates, corresponding to Al2O3/Sm2O3/InP, Al22O3/Sm2O3/Al2O3/InP, and
Sm2O3/Al2O3/InP, respectively. X-ray photoelectron spectroscopy (XPS) and electrical
measurements were used to investigate the effect of Al2O3 passivation position on the
chemical composition and electrical parameters of the interface. In addition, the leakage
current conduction mechanisms (CCMs) of InP-based MOS capacitors with three different
laminated gate electrical stacks measured at room temperature and low temperature
(77–227 K) were systematically investigated.

2. Materials and Methods

In this work, we chose sulfur-doped n-type InP wafers as the substrate for fabricating
MOS capacitors. Before depositing the Sm2O3 gate dielectric, the wafers were subjected to
a standard degreasing process by sequential immersion in ethanol and acetone for 5 min
each. After that, the wafers were immersed in 20% ammonium sulfide solution for 15 min
to remove the native oxides. Then, the wafers are rinsed with deionized water and then
blown dry with high purity nitrogen gas. The cleaned wafers are transferred to an ALD
system (MNT-PD100Oz-L6S1G2, MNT Micro and Nanotech). On the ALD process, plasma
O2 and trimethylaluminum (TMA) were selected as the oxidant and aluminum metal
precursor, and a 2 nm Al2O3 passivation layer was deposited on the InP substrate. The
Al2O3 passivation layers were deposited by using 30 pulse cycles of plasma O2 precursors
[O2(2s)/Ar purge (25s)] and 15 pulse cycles of trimethylaluminum (TMA) and plasma O2
[TMA (0.03s)/O2 2s/Ar purge (25s)], respectively. During this process, the chamber pres-
sure and the deposition temperature were maintained at 35 Pa and 200 ◦C. After ALD Al2O3
passivation, the wafers were transferred to a sputtering chamber to deposit Sm2O3 gate
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dielectrics by sputtering samarium target with purity of 99.9%. When the chamber pressure
was 0.8 Pa, Sm2O3 thin film was deposited under an Ar/O2 (50/10 sccm) atmosphere. To
explore the electrical characteristics of Sm2O3/InP MOS capacitors with different stacking
positions of Al2O3 passivation layers, a 200-μm-diameter Al electrode was deposited by
thermal evaporation, while an aluminum electrode was grown on the back side to form
an ohmic contact. Figure 1 demonstrates the schematics of InP-MOS capacitors based on
different stacked gate dielectric structures. Sample S1 corresponds to Al2O3 (2 nm)/Sm2O3
(8 nm)/InP, sample S2 corresponds to Al2O3 (2 nm)/Sm2O3 (6 nm)/Al2O3 (2 nm)/InP,
and sample S3 corresponds to Sm2O3 (8 nm)/Al2O3 (2 nm)/InP, respectively. By using
the ESCALAB 250Xi system, XPS (X-ray photoelectron spectroscopy) measurements were
performed at Al Ka (1486.7 eV) to investigate the interfacial chemical properties of the
Sm2O3/InP gate stack and the chemical function of the Al2O3 passivation layer. Further-
more, the escape angle used in obtaining the XPS profiles is 50◦ and the corresponding
probing depth is about 1–10 nm. Ultraviolet-visible spectroscopy (Shimadzu, UV-2550)
was performed to obtain the samples’ optical band gap. The physical thickness of the
above samples was extracted by using spectroscopic ellipsometry measurements (SANCO
Inc., Shanghai, China, SC630) with the help of the Cauchy-Urbach model. The Cascade
Probe Station was connected to the semiconductor analysis equipment (Agilent B1500A) for
capacitance-voltage (C-V), transconductance-voltage (G-V), and leakage current-voltage
(I-V) measurements at room temperature. For low temperature (77–227 K) leakage current
testing, the Lake Shore Cryotronics Vacuum Probing Station was used.

Figure 1. Schematics of InP-based MOS capacitors based on different stacked gate dielectrics.

3. Results and Discussion

3.1. XPS Analyses

To evaluate the chemical bonding states of various stacked gate dielectrics, XPS
measurements were carried out. Figure 2 displays the In 3d, P 2p, and O 1s XPS spectra
of three samples with various stacked gate dielectrics. It can be noted that In 3d spectra
can be deconvoluted into four components that represent the InP, InPO4, In(PO3)3, and
In2O3, respectively. The relative intensity values of the different components have been
extracted and are shown in Figure 3a. For S2 and S3, the contents of In(PO3)3 and In2O3
shows a decreasing trend, indicating that the ALD-derived Al2O3 passivation layers prior
to Sm2O3 deposition can significantly prohibit the formation of In and P suboxides, which
can be attributed to the interface cleaning function of plasma O2 [21]. Compared to S2, the
peak areas of InPO4 corresponding to S1 and S3 remain approximate at about 7.89% and
5.20%, which is much lower than that of S2 (19.41%), indicating that double deposition
of ALD-derived Al2O3 may accelerate the diffusion of oxygen in the substrate and the
formation of indium phosphate. During the secondary deposition of Al2O3, more oxygen
vacancies may generate, which can be ascribed to plasma O2 acting as an oxygen source,
and promote the oxygen interdiffusion between Al2O3 passivation layers and the InP
substrate. In(PO3)3 can react with In to produce InP and InPO4 using the following reaction
Equation [22].

8In + 4In(PO3)3 → 3InP + 9InPO4 (1)
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Figure 2. (a) In 3d, (b) P 2p, and (c) O 1s XPS spectra for S1, S2, and S3 sample.

Figure 3. Peak area ratio histograms of (a) In 3d, (b) P 2p, and (c) O 1s spectra.

More importantly, sample S3 shows a tendency to decrease the content of In(PO3)3 and
AlPO4 compared to sample S2, which can give a detailed illustration from the phenomenon
of P 2p spectral changes. As shown in Figure 2b, it can be noted that P 2p spectra can be
deconvoluted into four components, which represent InP, InPO4, In(PO3)3, and AlPO4,
respectively. No P2O5 was detected in all samples, which can be attributed to the fact that
gaseous P2O5 generated during the deposition can easily diffuse through the defects in
the gate dielectric [22]. The peak area ratio of In(PO3)3 for S2 and S3 showed a significant
decreasing trend compared to S1, indicating that Al2O3 prior to the deposition of Sm2O3
gate dielectric can inhibit the formation of P-O bound states and improve the interfacial
quality. The detection of AlPO4 in P 2p spectra can be attributed to the reaction equation
described below [23].

4Al + 7O2 + 2In(PO3)3 + 2InP → 4AlPO4 + 4InPO4 (2)

Based on the mentioned reaction above, it can be inferred that two depositions of
Al2O3 passivation layers increase the formation of AlPO4, which is confirmed by the
change in peak area ratio shown in Figure 3c. In order to systematically explore the
interfacial chemistry of various stacked gate dielectrics, O 1s spectra were investigated
and are shown in Figure 2c. O 1s spectra can be deconvoluted into Sm2O3, Al2O3, InPO4,
In(PO3)3, and AlPO4. According to the reaction Equation (2), in the plasma O2 atmosphere,
In(PO3)3 can react with O2 to produce AlPO4 and InPO4 and leads to the disappearance of
In(PO3)3. In agreement with the previous In 3d and P 2p spectra, S1 has the largest In(PO3)3
content, leading to a decrease in interfacial quality and deterioration of electrical properties.
Meanwhile, AlPO4 of S2 is the highest, originating from the second deposition of Al2O3. For
S3 sample, the contents of InPO4, AlPO4, and In2O3 were significantly controlled, indicating
that the addition of an ALD-derived Al2O3 layer prior to the deposition of Sm2O3 gate
dielectric could reduce the generation of suboxides and improve the interfacial quality.
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3.2. Band Alignment Characteristics

To assess the optical characteristics of the three various stacked gate dielectrics, UV-
Vis spectroscopy was used to obtain the absorption spectra and the optical bandgap
values (Figure 4) of samples S1, S2, and S3 were determined to be 5.49, 5.51, and 5.63 eV,
respectively, based on the Tauc relationship [24]. Compared with pure Sm2O3 and pure
Al2O3, the band gaps of three various stacked gate dielectrics showed a value balance [25].
Also, this section investigates the valence band maximum (VBM) of various stacked gate
dielectrics, as the valence band alignment is crucial for assessing the interface quality.
As shown in Figure 5a, the band gap values of InP substrates were derived from XPS
measurements, while the valence bands of samples S1, S2, and S3 were deduced from
the absorption spectra by linear extrapolation. Based on Kraut’s method [26], we also
calculated the valence band shift (ΔEV) to evaluate the valence band electronic structure of
the samples. By using Sm 3d5/2 and In 3d core-level spectra, the ΔEV of high-k/InP gate
stacks was determined based on the following formula:

ΔEV = (EIn 3d − EV)InP − (ESm 3d − EV)high−k − (EIn 3d − ESm 3d)high−k/InP (3)

where EIn 3d (InP) and ESm 3d (high-k) corresponding to the core-level positions are ex-
tracted to be 445.8 and 1084.3 eV. In addition, the Ev (InP) and Ev (high-k) represent the
VBM (Valence-Band Maximum) of the bulk materials. The values of ΔEv are calculated
as 1.87, 1.82, and 1.76 eV, respectively, based on the binding energy difference in the high-
k/InP structure. Meanwhile, the value of the conduction band offset (ΔEc) is obtained by
subtracting the extracted ΔEv and the band gap of the InP (1.34 eV) from the band gap of
dielectric layers [27].

ΔEC (high − k/InP) = Eg (high − k)− ΔEV(High − k/InP)− Eg(InP) (4)

As shown in Figure 5b, the ΔEc values for the three samples were calculated as 2.28,
2.35, and 2.53 eV. According to previous reports in the literature, ΔEc is related with
the tunneling leakage current. The higher ΔEc indicates that the leakage current of the
Sm2O3/Al2O3/InP samples is smaller.

Figure 4. The determination of band gaps for sample S1, S2, and S3.

3.3. Electrical Properties of InP-MOS Capacitors
3.3.1. Capacitance-Voltage Measurements

The frequency dependent capacitance-voltage curves of sample S1, S2, and S3 with
double sweep mode are shown in Figure 6a–c. When the frequency increases, all samples
show a decreased accumulation capacitance.
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Figure 5. (a) Valence band spectra; (b) Schematic band diagram of S1, S2, and S3 sample.

Figure 6. (a–c) Capacitance–voltage (C–V) curves for S1–S3 measured at different frequency
(0.6–1 MHz). (d) Capacitance–voltage (C–V) curves for all samples measured at 1 MHz.

Meantime, at high frequency conditions, the series resistance will deviate from the
predetermined theoretical value due to the disappearance of the interface trap charge. On
the contrary, at low frequencies, when the oxide capacitance (Cox) connects with the space
charge capacitance (Csc), the value of the accumulation region increases with the series
resistance due to the interface state showing frequency-dependent properties [28–30].

The decrease in the accumulation capacitance can be attributed to the fact that the
interfacial traps do not have enough time to respond to the voltage frequency [30]. The
maximum accumulation capacitance and minimum hysteresis voltage were observed in
the S3 sample, indicating that the Al2O3 passivation layer suppressed the appearance of
In and P oxides and the formation of low-K interfacial layers. To evaluate the interface
quality, important electrical parameters such as equivalent oxide thickness (EOT), dielectric
constant (k), flat band voltage (Vfb), hysteresis voltage (ΔVfb), oxidation charge density
(Qox), and boundary trapped oxide charge density (Nbt) were extracted from the test curves,
and these data are presented in Table 1. The variation of Vfb depends on the values of oxide
capacitance and bulk oxide charge [31]. The k values corresponding to samples S1, S2,
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and S3 are calculated to be 12.96, 14.39, and 14.75, which are consistent with the previous
investigation [4].

Table 1. MOS capacitors electrical parameters obtained from C−V and J–V Curves.

Sample EOT (nm) k
Vfb
(V)

�Vfb
(mV)

Qox

(cm−2)
Nbt

(cm−2)
J

(A/cm−2)

S1 3.01 12.96 0.25 3.44 −1.62 × 1012 −2.46 × 1010 1.07 × 10−5

S2 2.71 14.39 0.21 5.16 −1.43 × 1012 −4.11 × 1010 8.42 × 10−6

S3 2.65 14.75 0.19 1.55 −1.30 × 1012 −1.26 × 1010 2.87 × 10−6

A small Vfb of 0.19 V was observed for sample S3. This phenomenon can be explained
by the following statement: electrons are easily captured by oxygen vacancies to form
negatively charged interstitial oxygen atoms [32] and as fewer oxygen vacancies exist at
the interface, the smaller the positive flat voltage required to maintain the band unbent [33].
Also, the hysteresis voltage depends on the boundary trap caused by the intermixing of
the high K layer and the interfacial layer [34]. The value of the hysteresis voltage reaches
a minimum (1.55 mV) for S3, indicating that the boundary trapping charge becomes
weaker after the insertion of Al2O3 between the gate dielectric and the substrate. The Qox
and Nbt values were calculated from the obtained Vfb and ΔVfb values by the following
equations [35].

Qox = −
Cmax

(
v f b − ϕms

)
qA

(5)

Nbt = −Cmax � V f b

qA
(6)

where ϕms is the contact potential difference between Al electrode and InP substrate, q is
the electronic charge, and A is the Al electrode areas. According to Table 1, it can be noticed
that S3 has the lowest Qox and Nbt, which implies the reduction of interfacial trap defects
and the optimization of interfacial properties.

3.3.2. Conductivity-Voltage Measurements

Moreover, to quantify the interface defect distribution for all samples, the interface
state density (Dit) has been extracted by the conductivity-voltage measurements with
frequencies varying from 100 kHz to 1 MHz. Dit is related to the parallel interfacial trap
capacitance (Cit) and parallel conductivity (G). At the same time, Cit can be related by
the following equation. Cit = qDit, while the condition is that the position of the energy
level does not change Dit. The basic principle of conductivity measurements is to analyze
the losses due to the diversity of charge states at the trap level. Near the Fermi level, the
synchronous conductivity occupancy is mobilized by the interfacial traps to produce a
regular variation. The maximum loss occurs when the interface trap is resonantly shifted
with the applied AC signal (ωτ = 1). The response time of the characteristic trap changes
the frequency, τ = 2π/ω. The capture and emission rates from Shockley-Redhall theory
modulate the response time [36]:

τ =
exp[ΔE/kBT]

σvthDdos
(7)

where there is an energy difference ΔE between the trap level ET and the edge of the
majority carrier band, vth is the majority carrier being thermally activated to obtain the
average velocity, Ddos is the effective density of states of the majority carrier band, kB is
the Boltzmann constant, and T is the temperature [37]. The curves between conductivity
(G/ω) and gate voltage for all samples are shown in Figure 7a–c. The apparent shift of the
conductivity peak proves the validity of the Fermi-level shift and confirms the existence of
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the Fermi-level deconvolution effect [38]. Assuming that the underlying surface oscillations
can be neglected, the value of Dit is inferred using the normalized parallel conductivity
peak (GP/ω)max [39].

Dit ≈ 2.5
Aq

(
Gp

ω

)
max

(8)

where A is the device area. It is necessary to confirm the transformation law between the
band bending potential of the energy location ET and the trap energy level distribution.
Furthermore, the values of ET can be determined by the frequency of (GP/ω)max, where
Equation (8) is used to calculate Dit and to correspond its value to ΔE [40].

ΔE = (EC − ET) =
kBT

q
In
(

σvDdos
2π fmax

)
(9)

Figure 7d shows the variation of Dit for the three samples. With the increase of ΔE, the
value of Dit shows an increasing trend. However, S3 possesses a lower density of interfacial
states compared to S1 and S2, which indicates that the insertion of an Al2O3 passivation
layer between the Sm2O3 gate dielectric and the InP substrate can suppress the formation
of In and P suboxides and improve the quality of MOS capacitors.

We compared some of the data obtained from this work with some previously pub-
lished work. As can be seen in Table 2, the Sm2O3 dielectric has a smaller leakage current
density than TiO2 and HfO2, indicating that the Sm2O3 stacked gate dielectric has a larger
conduction band shift, resulting in an increased barrier height and thus a reduced leakage
current density. The Sm2O3 stacked gate dielectric has the smallest hysteresis value, indi-
cating that the trapped charge in the gate dielectric is not very sensitive to the frequency
response of the voltage, and will trap fewer electrons to keep the energy band from being
bent, while the device maintains a consistent response to different test voltages in the an-
tipattern region. In the interface state density, it is smaller than HfO2 as the gate dielectric
directly deposited in InP, but it seems to be higher than TiO2 gate dielectric, considering
the different testing methods, the interface state density of the current work is obtained
directly by conductivity method with accuracy, the previous work is by C–V curve, there
may be some differences.

Figure 7. Multi-frequency G–V characteristics of InP-based MOS capacitors of (a) S1, (b) S2, and
(c) S3. (d) Energy distributions of Dit for S1, S2, and S3.
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Table 2. Comparison of different InP MOS capacitor parameters.

Sm2O3/Al2O3/InP
(This Work)

PMA-TiO2/S-InP [41] TiO2/S-InP [41]
10 Å Si IPL/51 Å

HfO2/InP [42]
70 Å HfO2/InP

[42]
HfO2 (10 nm)/Al2O3

(0.2 nm)/InGaAs/InP [43]

Leakage current
density (A/cm2) 2.87 × 10−6 at 1 V 1.9 × 10−7 at 2 V

2.7 × 10−5 at −2 V
5.01 × 10−6 at 2 V
1.5 × 10−2 at −2 V 1.32 × 10−3 at 1 V 3.94 × 10−2 at 1 V 2.4 × 10−2

k 14.75 39 34 / / /
ΔVfb (mV) 1.55 40 250 240 280 /

Dit (cm−2eV−1) (G-V)
1.05 × 1013 (C-V) 3.1 × 1011 (C-V)

5 × 1011
(C-V)

3-8 × 1012
(C-V)

2-9 × 1013
(C-V)

2 × 1012

3.3.3. J−V Analyses and Conduction Mechanisms at Room Temperature

Figure 8a shows the leakage current characteristics of all samples measured at room
temperature. The leakage current density (J) values for S1, S2, and S3 at 1 V are 1.07 × 10−5,
8.42 × 10−6, and 2.87 × 10−6 A/cm2, respectively. It can be seen that S1 has a higher
leakage current density, which can be attributed to larger interface traps and the border
traps that deteriorate the interface quality and degrade the device performance [44]. For
the S3 sample, the minimum leakage current density has been observed, which is due to
the higher ΔEc and the suppressed tunneling in the Sm2O3/Al2O3/InP gate stack [45].

To investigate the leakage current characteristics of various stacked gate dielectrics,
we systematically studied three different current conduction mechanisms (CCMs) under
substrate injection, as shown in Figure 8b–d. The extracted important electrical parameters
are listed in Table 3.

Figure 8. (a) J–V characteristics measured at room temperature. (b) SE emission, (c) PF emission, and
(d) FN tunneling plots for all the samples under substrate injection.

Table 3. Extracted MOS capacitors electrical parameters measured at room temperature.

Sample J (A/cm2) εr n εox ϕt (eV)

S1 1.07 × 10−5 4.00 2.00 11.90 0.53
S2 8.42 × 10−6 4.96 2.23 13.01 0.54
S3 2.87 × 10−6 4.23 2.06 13.41 0.55
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Schottky emission (SE) is a typical type of thermal ionization emission in which
charges gain energy to overcome barriers to migration into the dielectric. The standard SE
can be described as [46]:

JSE = A∗T2exp

[
−q

(
ϕB −√

qE/4πε0εr
)

kBT

]
(10)

A∗ =
4πqk2

Bmox∗
h3 = 120

mox∗
m0

(11)

where A* is the effective Richardson constant, the free electron mass and the effective mass
of electrons in the gate dielectric correspond to mo and mox*, E is the electric field, qϕB is
the Schottky barrier height, and εo and εr represent the vacuum dielectric constant and
the optical dielectric constant, respectively [47]. It is observed in Figure 8b that at lower
electric fields (0.36–0.81 MV/cm), there is a good linear relationship between ln(J/T2) and
E1/2 for S1, S2, and S3. The slope of the SE diagram is denoted as

√
q3/4πε0εr/kBT. The

fitted εr and the refractive index n (n = εr
1/2) for S1, S2, and S3 are (4, 2), (4.96, 2.23), and

(4.23, 2.06), respectively. All the fits are consistent with the previously reported values [48],
revealing that CCM (current conduction mechanism) at room temperature is dominated by
SE emission in the low electric field region.

The Poole–Frenkel (PF) emission can be ascribed to the thermally excited electrons
obtaining sufficient energy to escape from traps into the conduction band of the dielectric
at a higher electric field, which can be expressed by the following formula [49]:

JPF = AE exp

[
−q

(
ϕt −

√
qE/πε0εox

)
kBT

]
(12)

where A represents a constant, the trap energy level of the conduction band corresponds
to ϕt, and εox represents the dielectric constant. According to the previous theory, ln(J/E)
should have a good proportionality with E1/2, as shown in Figure 8c. The εox extracted
from the slope of the fitted line for all samples was calculated as 11.90, 13.01, and 13.41,
which is in agreement with the reported reference [4]. It can be concluded that at higher
electric fields (1.21–1.69 MV/cm), the PF emission dominates the CCM of all samples. Also,
the value of the trap energy level (ϕt) can be extracted based on the intercept point of the
fitted curve described as lnB − qϕt

kBT . As shown in Figure 8c, the calculated values of ϕt are
0.53, 0.54, and 0.55 eV, corresponding to S1, S2, and S3. S3 has the largest ϕt value in the
three samples, indicating that the electrons obtain more energy to cross the trap, leading to
present the smallest leakage current density in the S3 sample.

The high-field dependent conduction mechanism is represented by Fowler-Nordheim
tunneling, which is manifested by the fact that the insulating layer can be penetrated by
electrons, which enter the conduction band of the gate dielectric in a high electric field. The
leakage current density is linked to other parameters of Fowler-Nordheim (FN) tunneling
and is described by the following Equation [46]:

JFN =
q3E2

16π2�ϕox
exp

⎡
⎣−4

√
2m∗

T ϕ3/2
B

3�qE

⎤
⎦ (13)

where ϕox is oxide barrier height; m∗
T is the tunneling effective electron mass in the gate

oxide film, and the other notations remain unchanged from the previous definitions.
Figure 8d shows the curve of ln(J/E2) versus 1/E. The slope of the linear fit for the above
samples shows an increase in current with increasing electric field, indicating that at high
electric fields (1.47–1.85 MV/cm), all three samples are consistent with the FN tunneling
conduction mechanism. Based on the previous analysis, it can be concluded that all
samples are dominated by three main conduction mechanisms. In the lower electric fields,
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SE emission dominates, however, in the higher electric fields, PF emission dominates
together with FN tunneling.

3.3.4. Low Temperature J–V Analyses and Conduction Mechanisms

To investigate the variation of CCMs in Sm2O3/Al2O3/InP MOS capacitor, low
temperature (77–227 K) measurements were performed. The leakage current densities
of Sm2O3/Al2O3/InP MOS capacitors measured at 1 V were extracted as 4.64 × 10−9,
1.48 × 10−8, 1.13 × 10−7, and 1.02 × 10−6 A/cm2, corresponding to the temperature range
of 77–227 K, respectively. By observing the leakage current densities at different tempera-
tures, the Sm2O3/Al2O3/InP gate stack exhibits nearly three orders of magnitude lower
leakage current density at 77 K than that measured at room temperature, indicating that the
low temperature is favorable for the MOS capacitor to exhibit optimized J–V characteristics.
Figure 9b–d show the variation of the CCM under substrate injection along with the tem-
perature trend. The extracted important electrical parameters are listed in Table 4. Figure
9b shows the fitted lines for the vertical temperature range suitable for SE emission at lower
electric fields (0.49–0.90 MV/cm). The extracted important electrical parameters are listed
in Table 4. With increasing temperature, the values of εr and n calculated from the slope
and intercept are (20.39, 4.52), (18.53, 4.31), (10.40, 3.22), and (6.10, 2.47). It can be noted that
at extremely low temperature of 77–177 K, these values are completely different from the
theoretical values, indicating that SE emission is not the dominant conduction mechanism
at lower temperatures. Figure 9c shows the curves in the temperature range 77–227 K com-
patible with PF emission at higher electric fields (0.64–1.44 MV/cm). Again, it can be noted
that ϕt and εox are not in the expected range of values, indicating that the PF emission is
not compatible for all samples at intermediate electric fields of 0.64–1.44 MV/cm. FN tun-
neling is a potential conduction mechanism because of its dependence on the electric field
at low temperatures. Figure 9d shows the fitted line of FN tunneling with a temperature
range of 77–227 K at higher electric fields (1.11–1.67 MV/cm), and the established slope
indicates that FN tunneling is dominant at low temperatures. In conclusion, the effects of
SE emission and PF emission are attenuated due to low temperature, and FN tunneling is
used to explain the Sm2O3/Al2O3/InP stacked gate dielectric structure showing low drain
current density.

Figure 9. (a) J–V characteristics measured at low temperature. (b) SE emission, (c) PF emission, and
(d) FN tunneling plots for all the samples under substrate injection.
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Table 4. S3’s MOS capacitors electrical parameters measured at low temperature.

T J (A/cm2) εr n εox ϕt (eV)

77 K 4.64 × 10−9 20.39 4.52 164.88 0.54
127 K 1.13 × 10−8 18.53 4.31 108.14 0.53
177 K 1.48 × 10−7 10.40 3.22 42.66 0.50
227 K 1.02 × 10−6 6.10 2.47 31.05 0.47

Additionally, the integrated dielectric properties in MOS capacitors can be estimated
from two important values, including the electron effective mass m∗

ox and the barrier height
qϕB [50]. The intercept of the SE emission fitting curve described as ln

(
120 m∗

0x
m0

)
− qϕB

kBT

and the slope of the FN tunneling fitting curve expressed as −6.83 × 107
√(

m∗
T

m0

)
ϕ3

B can be

calculated together with the above two values. By setting the equation m∗
0x = m∗

T , the two
key physical quantities m∗

0x and qϕB of Sm2O3/Al2O3/InP MOS capacitor are obtained by
applying mathematical analysis, which are calculated as 0.23 mo and 0.95 eV, respectively.
Figure 10 shows the determination of the electron effective mass and barrier height for
S3 sample. The smaller m∗

0x and the higher qϕB are beneficial to obtain better electrical
properties and optimized interface quality.

 
Figure 10. The determination of the electron effective mass and barrier height for S3 sample under
substrate injection.

4. Conclusions

In this work, we explore in detail the effect of ALD-derived laminated interlayers
on the interfacial chemistry and transport properties of sputter-deposited Sm2O3/InP
gate stacks. It has been found that Sm2O3/Al2O3/InP gate stack can obviously prevent
the diffusion of the substrate diffusion oxide and substantially optimize the electrical
properties of MOS capacitors, including a larger dielectric constant of 14.75, a larger
accumulation capacitance, and a lower leakage current density of 2.87 × 10−6 A/cm2. Three
different stacked gate dielectric structures are also evaluated by means of conductivity
of the interfacial density of states. The results show that the Sm2O3/Al2O3/InP stacked
gate dielectric achieves the lowest interfacial density of states of 1.05 × 1013 cm−2eV−1.
According to the analysis of CCMs, SE emission is dominant in lower electric fields and
higher temperature environments, and PF emission as well as F-N tunneling is dominant
in higher electric fields. Meanwhile, FN tunneling is the only dominant mechanism at
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lower temperatures. Also, to evaluate the properties of the whole MOS capacitor in low
temperature environment, m∗

0x and qϕB have been determined by a self-consistent method.
These findings are of crucial importance for the future fabrication of high mobility InP-
based MOSFET (Metal Oxide Semiconductor Field Effect Transistor) devices.
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