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Abstract: The study of the properties of ferroelectric materials against irradiation has a long history.
However, anti−irradiation research on the ferroelectric domain has not been carried out. In this
paper, the irradiation of switched domain structure is innovatively proposed. The switched domain
of 700 nm lithium niobate (LiNbO3, LN) thin film remains stable after gamma irradiation from 1 krad
to 10 Mrad, which was prepared by piezoresponse force microscopy (PFM). In addition, the changing
law of domain wall resistivity is explored through different sample voltages, and it is verified that the
irradiated domain wall conductivity is still larger than the domain. This domain wall current (DWC)
property can be applied to storage, logic, sensing, and other devices. Based on these, a ferroelectric
domain irradiation resistance model is established, which explains the reason at an atomic level. The
results open a possibility for exploiting ferroelectric materials as the foundation in the application of
space and nuclear fields.

Keywords: ferroelectric; gamma irradiation; domain wall current; LiNbO3

1. Introduction

MEMS devices are widely utilized in various fields such as space, nuclear imaging,
and radiotherapy, owing to their ultrafine integration process, miniaturization, low cost,
high reliability, and batch manufacturing capabilities [1–3]. Traditional silicon−based
MEMS devices typically incorporate SiO2 oxide insulating layers, crucial for device perfor-
mance, but susceptible to radiation−induced effects [4–6]. High−energy particles make
electrons leave their original positions under irradiation. New electron−hole pairs are
formed which increases the leakage current [7]. At the same time, high−energy particles
may also break the Si−O bond and form the Si−Si bond, resulting in irreversible dam-
age to the oxide layer [8]. Irradiation−resistant reinforcement is becoming increasingly
important to reduce the effects of ionizing irradiation on conventional MEMS devices,
but the package of anti−irradiation will enlarge the size of the device seriously which
hinders its integration [9–11]. Therefore, it is urgent to explore novel functional materials
that possess the character of anti−irradiation and compatibly integrate. Ferroelectric ma-
terials have been proven to have strong irradiation resistance in the last century [12,13].
A PZT thin film received gamma irradiation of 5 Mrad by J. F. Scott et al. A surprising
result was that the polarization had almost no decline and the hysteresis curves became
more symmetric [14]. In recent years, single crystal LiNbO3 began to attract people’s
attention which can be attributed to its unique characteristics. One of them is that the
surface potential can be controlled by the domain. Lei Tong et al. designed a nonlinear
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transistor prepared by combining 2D material and periodically poled lithium niobate
(PPLN). Then, they used this transistor in neuromorphic hardware that integrates memory
and logic [15]. Domain wall current (DWC) is another characteristic of single−crystal
LiNbO3. It can effectively modulate the bulk conductivity and be creatable, erasable, and
repeatable. Based on these great characteristics, the DWC transistor was established by
Xiaojie Chai et al., which was a nano−island structure created by X−cut LN. It has a
high on–off ratio, high working efficiency, and ultrafast response speed [16]. With the
development of nano−scale single−crystal film preparation technology, the LN domain
engineering field is also developing rapidly [17–19]. Therefore, memory devices and logic
devices based on domains have emerged. A single−crystal LN has only a 180◦ domain
wall, which makes it a natural memory device. In addition, the electrical conductivity of
the domain wall is significantly higher than the domain [20–22]. This characteristic is also
considered to have great potential in the field of integrated circuits [21]. Liya Niu et al.
developed a kind of diode−like cell based on the properties of conducting domain wall
diodes. It has an ultra−high output−holding performance and assembles an “OR” logic
gate through an array of cells [23]. Jinlong He et al. developed a domain wall temperature
sensor based on the property of negative temperature coefficient of conducting domain
walls. It has a wide temperature range and high sensitivity with an on−off ratio of up
to 103 [24]. Single−crystal LN not only has excellent FE properties but is also indispens-
able in the electro−optic and nonlinear−optic fields [25–27]. In conclusion, the domain
of single−crystal LN has a broad application field [28]. However, no research has been
carried out on the anti−irradiation of the ferroelectric domain which can develop domain
engineering devices.

There is electromagnetic radiation and ionizing radiation in space. Electromagnetic
radiation consists of natural radiation (thermal radiation from the Earth, solar thermal
radiation, cosmic rays, etc.) and artificial radiation (radar, communication base stations and
electromagnetic applications). Ionizing radiation consists of high−speed charged particles
(α−particles, β−particles, and protons) and uncharged particles (neutrons, X−ray, and
γ−ray). Gamma rays are often considered the standard source of radiation for studying
and resolving the effects of irradiation damage in microelectronic devices [29]. Gamma rays
are highly penetrative due to their short wavelength, which is on the order of nanometers.
When the gamma ray energy is between a few hundred keV and a few MeV, gamma rays
in this energy range can penetrate deeply into microelectronic devices and induce the
generation of electron−hole pairs, leading to charge accumulation damage. When the
energy of gamma rays exceeds 1 MeV, their penetrating ability is further increased, which
not only generates secondary electrons in semiconductor materials, but also may cause
atomic displacements, leading to severe lattice damage [30].As the core of ferroelectric
microelectronic devices, the study of the irradiation resistance of ferroelectric domains and
their conducting domain walls can help the wide application of ferroelectric microelectronic
devices in the fields of deep−space exploration and nuclear engineering.

In this paper, we mainly focused on LN switched domain structure before and after
irradiation. The same switched domain of Z−cut LN thin film was prepared by PFM in
five samples. Then, they were irradiated by gamma from 1 krad to 10 Mrad, respectively.
The results show that the switched domain structure and DWC have strong irradiation
resistance. An atomic irradiation model was established to explain ferroelectric domain
irradiation resistance. Our research provides guidelines for the fabrication of LN domain
engineering that can cater to applications in harsh environments. It provides a novel
pathway for the future application of LN in space and nuclear fields.

2. Materials and Methods

In this work, all of the samples were 700 nm Z−cut LN, which were fabricated by the
smart−cut method. Block−like ferroelectric materials are difficult to realize large−scale inte-
grated applications due to their high thickness and large coercive field. Ion implantation−assisted
stripping technology has received a lot of attention to obtain ferroelectric single−crystal thin
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film materials with micrometer/nanometer thicknesses. The schematic flow of ferroelectric
single crystal thin film preparation is outlined in Figure 1. The sacrificial damaged layer of
single crystal LN bulk was formed by high energy and high doses of He+ injection. The
depth of ion injection was precisely controlled by adjusting the He+ injection energy and
angle of incidence, enabling the production of thin film materials with controllable thick-
nesses [31]. The LN bulk with 50 nm sputtering Pt layer bonded to 500 µm LN substrate
which possesses 2 µm SiO2 layer directly. Following annealing, LN thin film was exfoliated
at the sacrificial damaged layer. The LN thin film−Pt−SiO2−LN substrate multi−layer
heterostructure was obtained as shown in Figure 1e. Then, the surface roughness was
controlled within optical grade by chemical mechanical polishing (CMP) technology. The
congruent lithium niobate used in this work was supplied by NANOLN (Jinan, China).
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(a) He+ ion implantation; (b) magnetron sputtering 50nmPt; (c) direct bonding of LN bulk to substrate;
(d) annealing, stripping at sacrificial layer; and (e) optical grade LN obtained after CMP.

For the characterization of domain structure and domain wall current, atomic force
microscopy (MFP−3D Origin Plus, Asylum Research, Santa Barbara, CA, USA) was used in
this work. It can be equipped with different modules, including a PFM mode, a litho mode
conducting atomic force microscopy (c−AFM) mode, etc. And the probe is a conductive
probe that possesses Pt/Ir coating (SCM−PIT−75, Nanoworld, Swiss). The tip radius is
~25 nm, the elastic coefficient is ~2.8 N/m and the resonance frequency is ~75 kHz.

In this study, the switched domains were irradiated using a 60Co gamma radiation
source at the Xinjiang Institute of Physics and Chemistry Technology, Chinese Academy of
Sciences. In the process of radiation, 60Co will decay, firstly undergoing a β−decay into
60Ni, which is still unstable, and then radiating two γ−photons into the stable state of 60Ni.
The energies of the two photons released from the final gamma−ray are 1.17 MeV and
1.33 MeV [32].

3. Results

The spontaneous polarization of ferroelectric materials can be due to the existence of
electric dipole moments. The crystal lattice of LiNbO3, a ferroelectric material, exhibits
a trigonal structure, as depicted in Figure 2a. Within the LiNbO3 unit cell, Li+ ions are
positioned between two oxygen planes, albeit not at the center, and the same applies to
Nb5+ ions. When the polarization direction is oriented upwards, Li+ ions are situated
below the midpoint of the two oxygen planes, while Nb5+ ions are located above this
midpoint [33]. By applying a voltage exceeding the coercive field, the polarization direction
can be altered. At this moment, Li+ ions traverse the underlying oxygen plane to assume a
new position above the midpoint of the two oxygen planes, while Nb5+ ions move below
this midpoint. Therefore, the essence of LiNbO3 domain switching is the movement of Li+

and Nb5+.



Crystals 2024, 14, 537 4 of 11Crystals 2024, 14, x FOR PEER REVIEW 4 of 11 
 

 

 
Figure 2. (a) Schematic of LiNbO3 ferroelectric crystal lattice; (b) schematic diagram of domain 
switching. 

In summary, the process of polarization reversal can be delineated into four distinct 
stages: nucleation of a new domain, longitudinal growth of the reversed domain, trans-
verse expansion, and domain merging. For 700 nm Z−cut lithium niobate, a new domain 
occurs along the direction of the applied electric field when an electric field opposite the 
direction of spontaneous polarization and larger than the coercive field is applied between 
the upper and lower electrodes. Once polarization is sustained, the newly nucleated do-
main overcomes energy barriers, facilitating further expansion and eventual merging into 
regions oriented in the opposite direction to the initial domain. This merging process gives 
rise to a conducting domain wall between the newly formed domain and the initial one. 
Figure 2b shows up forward domain switched to the down forward domain by tip voltage. 

In the litho mode, preset voltages and patterns facilitate precise switching of the do-
main. In Figure 3, the custom pattern domain is switched in a 10 µm × 10 µm square by a 
voltage of ±80 V. The topography, amplitude, and phase image of this area are obtained 
through a dual−frequency tracking mode (DART SS). All PFM images are composed of 
256 × 256 points for quantitative analysis. Figure 3a illustrates the morphology of a sin-
gle−crystal lithium niobate film after polarization reversal, with a sample rms roughness 
of 263.03 pm and surface undulations of ~10 nm. Figure 3c displays the polarized domain 
phase. By employing a customized nested square pattern and a specific voltage, a square 
switched domain is obtained. The orange and green lines in Figure 3c correspond to Fig-
ure 3e, and both lines represent a different phase, which differs by approximately 180°, 
demonstrating the uniaxial polarization properties of single−crystal lithium niobate films. 

 
Figure 3. (a) Lithium niobate switched domain surface morphology; (b) amplitude retrace diagram 
of lithium niobate switched domain; (c) phase diagram of lithium niobate switched domain; (d) 3D 
plot of lithium niobate switched domain phase; (e) orange and green cutoffs in (c) correspond to 
phase curve. 

Figure 2. (a) Schematic of LiNbO3 ferroelectric crystal lattice; (b) schematic diagram of domain
switching.

In summary, the process of polarization reversal can be delineated into four distinct
stages: nucleation of a new domain, longitudinal growth of the reversed domain, transverse
expansion, and domain merging. For 700 nm Z−cut lithium niobate, a new domain occurs
along the direction of the applied electric field when an electric field opposite the direction
of spontaneous polarization and larger than the coercive field is applied between the
upper and lower electrodes. Once polarization is sustained, the newly nucleated domain
overcomes energy barriers, facilitating further expansion and eventual merging into regions
oriented in the opposite direction to the initial domain. This merging process gives rise to a
conducting domain wall between the newly formed domain and the initial one. Figure 2b
shows up forward domain switched to the down forward domain by tip voltage.

In the litho mode, preset voltages and patterns facilitate precise switching of the
domain. In Figure 3, the custom pattern domain is switched in a 10 µm × 10 µm square by
a voltage of ±80 V. The topography, amplitude, and phase image of this area are obtained
through a dual−frequency tracking mode (DART SS). All PFM images are composed
of 256 × 256 points for quantitative analysis. Figure 3a illustrates the morphology of a
single−crystal lithium niobate film after polarization reversal, with a sample rms roughness
of 263.03 pm and surface undulations of ~10 nm. Figure 3c displays the polarized domain
phase. By employing a customized nested square pattern and a specific voltage, a square
switched domain is obtained. The orange and green lines in Figure 3c correspond to
Figure 3e, and both lines represent a different phase, which differs by approximately 180◦,
demonstrating the uniaxial polarization properties of single−crystal lithium niobate films.
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To investigate the effects of gamma irradiation at different doses on a switched domain,
five identical switched domains were prepared within five bonded thin film samples of LN.
Subsequently, they were exposed to gamma irradiation at a rate of 200 rad/s, with total
doses ranging from 10 krad to 10 Mrad. Figure 4 shows the switched domain before and
after irradiation by various doses of gamma. Remarkably, the domain remained stable even
after gamma irradiation, with the opposite direction domain retaining a 180◦ phase gap.
While the gamma irradiation from 1 krad to 100 krad, there was no observable change in the
switched domain. Only minor alterations were observed with increasing gamma irradiation
from 1 Mrad to 10 Mrad, yet the nested square structure fundamentally remained intact. It
was apparent that the domain of LiNbO3 has great irradiation resistance.
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All PFM images are composed of 256 × 256 points for quantitative analysis. In this
work, the value in the middle of the colour scale of the phase diagram is used as the basis
for domain switching or not, and the change in the percentage of switched domains before
and after different irradiation doses is derived by counting the percentage of switched
domains in 256 × 256 points. A table of changes in the switched domain before and after
gamma irradiation from 1 krad to 10 Mrad was obtained in the above manner (Table 1).
A comparison of the percentage of switched domains from 1 krad to 1 Mrad of total
gamma irradiation dose showed that the change in switched domains before and after
irradiation was within 5%. When the total irradiation dose reaches 10 Mrad, the percentage
of switched domains fluctuates more before and after irradiation, but the nested square
structure remains unchanged.

Table 1. Changes in the percentage of the switched domain before and after different irradiation
doses.

Irradiation Dose Pre−Irradiation Post−Irradiation Change in Percentage

1 krad 35.89% 38.71% 2.82%
10 krad 35.20% 35.42% 0.22%

100 krad 31.68% 32.00% 0.32%
1 Mrad 50.08% 48.70% 1.38%

10 Mrad 53.20% 42.84% 10.36%

The domain wall possesses higher electrical conductivity than the domain, but the
domain wall is not all conductive. When two polarized regions contact in a head−to−head
or tail−to−tail direction to form a domain wall, the injected charge migrates and accu-
mulates at the domain wall, and the domain wall conductivity becomes high. When the
polarization directions of both sides of the domain wall are fully parallel, positive and
negative charges within the crystal cancel each other out, resulting in nearly insulating
properties for the domain wall. In the ORCA mode of the c−AFM, as depicted in Figure 5a,
the domain wall current remains consistently weak as the sample voltage increases from
−1 V to −4 V, showing no significant enhancement with the increment of the test voltage.
As the sampling voltage increases from −5 V to −9 V, the domain wall current increases
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significantly in a linear trend. When the sampling voltage is increased from −9 V to −10 V,
there is no significant change in the domain wall current. Figure 5b illustrates that the
domain wall current does not increase in a linear trend without limit as the sample voltage
increases. Since too large negative voltage applied can affect the state of the domain wall
current or even lead to sample depolarization, a suitable sample voltage must be chosen
to test the domain current. Therefore, a sample voltage of −7 V was chosen for subse-
quent comparative experiments investigating domain current changes before and after
irradiation.
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In ferroelectric materials, domain walls can be erased or built up by external electric
fields. Therefore, this property has attracted the attention of scholars. In this work, after
gamma irradiation, DWC is shown in Figure 6. Figure 6a illustrates the c−AFM data
plot after gamma irradiation ranging from 0 rad to 10 Mrad at a sample voltage of −7 V,
accurately depicting the domain wall structure corresponding to the switched domain
shown in Figure 4. After gamma irradiation, there still exists higher conductivity at the
domain wall. Figure 6b illustrates the domain wall currents in a 10 µm × 10 µm region
at a sample voltage of −7 V under different doses of gamma irradiation. From 0 rad to
10 Mrad, the domain wall currents are −1.27 µA, −1.07 µA, −1.20 µA, −1.59 µA, −1.63 µA
and −1.21 µA, respectively. Notably, the fitting line tends to be constant. From Figure 6b,
it can be seen that the domain wall currents are still not significantly weakened after
10 Mrad gamma irradiation, which proves the anti−ionizing irradiation performance of
the switched domains of single−crystal lithium niobate films. These results suggest that
DWC, like domain, exhibits high resistance to gamma irradiation.
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In fact, gamma rays interact with matter in a variety of ways. For γ−rays with energies
below 30 MeV, there are three predominant modalities: the photoelectric effect, the electron
pair effect, and the Compton effect. Medium−energy γ−rays and absorbing substances
with low atomic numbers mainly undergo the Compton effect. From the two photon
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energies of the γ−rays, it is clear that the reaction between the γ−rays and the switched
domains is mainly the Compton effect [34]. In the Compton effect, there are both elastic
and inelastic collisions between photons and electrons. When a photon collides with an
electron, the photon is scattered while the electron gains kinetic energy and recoils, but
the total energy and total momentum remain conserved, it is an elastic collision. Inelastic
collisions occur when a partial loss of energy occurs during the collision (e.g., part of the
energy of the incident photon is used to overcome the binding energy of the electrons in
the atom) [35].

Therefore this paper proposes a model for the switching of domains by gamma
irradiation based on the Compton effect [36]. Li+ was chosen as the object of study for
three reasons: Firstly, Li+ is more susceptible to shock and movement under high−energy
radiation due to its small atomic number and much lighter mass than Nb5+ and O2−.
Secondly, Li+ is located in a relatively unstable position in the lattice and is prone to
migration when exposed to radiation. Finally, the bond energy between Li+ and O2− is
relatively low, which makes it easier to be excited and moved when subjected to gamma
ray impact [37].

During the irradiation process, gamma particles mainly collide with electrons. Since
the cross−section of the collision between the gamma particle and the atom is very small,
direct collision between gamma particles and atoms is considered negligible. In this
work, 200 rad/s gamma particles were injected into the LN thin film. Outer−layer elec-
trons of atoms turn into high−energy electrons by colliding with gamma particles. The
high−energy electrons and collided gamma particles continue to transfer energy to other
electrons and atoms. The energy of the photon is at its maximum when the direction of the
incident photon is at the same angle as the electron exit angle at which the Compton effect
occurs (θ = 0◦). When the Compton electron exit angle is opposite to the direction of the
incident photon (θ = π), the photon energy is at a minimum, which is called backscattering.
So, the photon energy is minimum at θ = π and the target particle gains maximum energy.
The maximum energy (Wγ) transferred from the gamma photon to the target particle can
be calculated using the following equation [38].

Wγ =
2E2

γ

mc2 + 2Eγ
(1)

where Eγ is the energy carried by the gamma particles, m is the mass of the target particle
being collided, and c is the speed of light. From the LN domain switching perspective,
Li+ and Nb5+ receive energy and move to another position, which is the opposite phase.
Although initial gamma particles cannot collide with atoms directly, high−energy electrons
and scattered gamma particles can still transfer energy to atoms. Li+ of LN under gamma
irradiation is shown in Figure 7a: gamma particles collide with peripheral electrons, unable
to transfer energy to Li+, directly; Figure 7b: high energy electrons created by gamma
particles colliding and gamma particles that still possess energy after the collision transfer
energy to Li+; Figure 7c: Li+ vibrates irregularly and consumes energy by heat dissipation
(Wt); and Figure 7d: when the Li+ energy accumulation reach domain switch energy
(Ws), it moves through the oxygen plane which means domain switching is completed.
In the possession of gamma irradiation, there are two powers: the power of atom−max
irregularity thermal motion (Pt) and the power of gamma irradiation (Pγ). When Pt ≥ Pγ,
all irradiation energy is consumed by the atom’s irregular thermal motion without energy
accumulation. When Pt < Pγ, unconsumed energy accumulates in the atom, with a rate
of Pγ − Pt. At this moment, the energy and power of the domain can be expressed by the
following equation:

Ws = (Pγ − Pt)t (2)

Ws = Wγ − WT (3)

where t is time. Ws is about the same order as the energy of 1 krad gamma irradiation. In this
case, the switched domain structure was not damaged by the 10 Mrad gamma irradiation.
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The reasons why the switched domain was not broken falls into three main categories:
Firstly, LiNbO3 belongs to the tripartite crystal system and its crystal structure shows high
stability under radiation. Secondly, The oxygen ion displacement energy of LiNbO3 is 53 eV,
which corresponds to the incident electron energy threshold of about 0.33–0.35 MeV [39].
Therefore, LiNbO3 is not prone to generate a large number of electron−hole pairs when
irradiated, reducing irradiation−induced defects. Finally, In Figure 7c it is shown that Li+

vibrates irregularly and consumes the vast majority of the energy delivered by the gamma
rays through heat dissipation (Wt). Although the energy required for domain switching
is comparable to that of a 1 krad gamma irradiation, most of the energy from a 1 krad
gamma irradiation is consumed in the irregular thermal motion of the atoms. Therefore,
the domain of LN has strong resistance to gamma irradiation.
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Figure 7. Diagram of gamma particles transferring energy to Li+: (a) gamma particle collides with an
electron, turns it into high energy electron; (b) energetic electron and scattered gamma particles collide
with Li+; (c) Li+ consumes energy through random thermal motion; (d) after energy accumulation
exceeds the threshold, Li+ moves through oxygen plane.

X−ray diffraction (XRD), being a pivotal technique for physical phase analysis, serves
as a reliable method to assess the impact of irradiation on the lattice of ferroelectric materials.
When a beam of X−rays is incident on a crystal, the X−rays scattered by different atoms
interfere with each other, resulting in enhanced X−ray diffraction in specific directions,
and the direction and intensity of the diffraction lines provide feedback on the internal
crystalline phase and crystal structure of the material. The fundamental basis for X−ray
diffraction analysis is the Bragg equation:

2dsin θ = nλ (4)

where d is the crystal plane spacing, n is the number of reflection levels, θ is the Bragg
angle; and λ is the wavelength of X−rays. The crystallographic structure was analyzed
using an Ultima IV type (Rigaku, Tokyo, Japan) X−ray diffractometer with a scanning
range of 20◦–80◦, a scanning step of 0.02◦, and a scanning rate of 10◦/min. As shown in
Figure 8, to highlight the (006) characteristic peak of the LN, the 2−theta was selected from
38.76◦ to 38.96◦. The peak at 38.84◦ is from the LN substrate and the peak at 38.90◦ is from
the LN film [40]. The very small deviation (~0.06◦) between the LN substrate and the LN
film comes from a slight difference in the cutting angle. As can be obtained from Figure 8,
there is no displacement of the (006) characteristic peak when the total dose of gamma
irradiation goes from 1 krad to 100 krad, indicating that the LN lattice is not damaged. At
a total gamma irradiation dose of 1 Mrad, the characteristic peak of (006) shows a small
displacement, but not more than 0.02◦. The peaks and peak widths become progressively
smaller as the total gamma irradiation dose goes from 1 krad to 1 Mrad, but do not show
much change. Therefore, the total dose of γ−ray below 1Mrad cannot cause damage to the
lattice of LN and denature it.
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In summary, the irradiation resistance of LN domain structures was studied in this
work. Initially, we outlined the preparation process for the 700 nm Z−cut LN bonding
sheet. The essence of the LiNbO3 structural domain switching is illustrated from the crystal
structure point of view as the movement of Li+ and Nb5+, and the precise preparation of five
same−domain structures was realized by PFM. Subsequently, five samples were irradiated
from 1 krad to 10 Mrad. Domain wall current was measured at various sample voltages
using the ORCA mode of c−AFM, with a sample voltage of −7 V being determined as
optimal. All samples’ domain structure and DWC remained stable after irradiation. We
explain the irradiation resistance of the LN domain from an atomic perspective, which
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