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Nanodomain engineering in LNOI thin films on the nonpolar surface
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Micro- and nanodomain structures were written by AFM-tip voltages on the nonpolar (X) surface using special in
LNOI thin film (LiNbO3-on-insulator). Properties of structures recording have been investigated and discussed. The

domain structures investigation was carried out by the PFM method. The dependences of the domain length on the

pulse duration and voltage are obtained, them well approximated by exponential and linear functions, respectively.

Piezoelectric hysteresis loops were measured and coercive and bias voltages were estimated. Analysis of hysteresis

loops showed that the values of coercive and bias voltages are practically independent on the time of the voltage

pulse applied to the AFM tip
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Introduction

An urgent task today is the search for ferroelectric

materials and their derivatives as working nonlinear pho-

tonic crystals. Currently, two main directions in this field

of research can be distinguished, such as domain-wall

conductivity (DWC) and nonlinear transformation of optical

radiation on a domain structure in the quasi-phase matching

mode (QPM). Currently, there are at least two most suitable

objects for solving these tasks. These are Ne:LiNbO3,

Ti:LiNbO3 and helium implanted optical waveguides formed

on nonpolar (X- and Y-) surfaces of crystal LiNbO3 [1–5],
as well as thin single-crystal films of LiNbO3 (LiNbO3-on-

insulator) LNOI [6–9] transferred to a layered structure —
lithium niobate single crystal with a thin layer of SiO2, and

in some cases with a metal layer. The waveguide effect in

a thin film is achieved due to the difference in refractive

indices SiO2 and LiNbO3. The regular operating domain

structure is formed either by exposure to the electron beam

of a scanning electron microscope, or by applying voltage to

the tip of the probe of an atomic force microscope (AFM).
The kinetics of recording individual domains depending on

the modes of exposure to an electron beam (accelerating
voltage, exposure time, beam current) has been studied

quite well both on lithium niobate single crystals and on

optical waveguides based on it, and on polar and nonpolar

surfaces. The domain originated at the irradiation point

grows along the Z axis in case of electron irradiation of

a nonpolar surface. The driving force is the tangential

component Ez of the space charge field Esc induced by

an electron beam at the irradiation point; the layer thickness

is determined by the accelerating voltage U [1,10].
There is also a sufficient number of papers about the

kinetics of domain switching under the impact of the AFM-

tip voltages on the polar surfaces of LNOI films of various

thicknesses. For instance, dependences of the domain

size on the magnitude and duration of the exposure of

the voltage pulse applied to the AFM tip were obtained

in Ref. [6–8]. Local piezoelectric hysteresis loops were

also measured at different pulse durations of the applied

voltage. Detailed methods for measuring local hysteresis

loops can be found in a variety of papers [11,12]. The effect
of ambient humidity on the kinetics of the formation of

single domains and regular domain structures is discussed

in Ref. [13]. Nevertheless, it is preferable to use nonpolar

thin film surfaces to implement nonlinear optical radiation

transformation on a domain structure in the QPM mode.

There are also few papers covering the formation of a

regular domain structure (RDS) on nonpolar surfaces of

LNOI [14–16], but RDS in these studies was recorded by

applying a field to external electrodes, followed by their

study by piezoelectric force microscopy and conducting

AFM. According to our concepts, the kinetics of the

formation of single domains in the AFM-tip voltages has

not been studied before. Thus, the task in this paper was to

study the kinetics of the formation of single domains in the

AFM-tip voltages on the nonpolar surface of LNOI films

for obtaining a more complete picture of the microscopic

mechanisms of domain formation.

1. Samples and experimental techniques

Thin LNOI (LiNbO3-on-insulator) films of nonpolar (X-)
orientation were used in this experiment. The thickness of

the waveguide layer of LiNbO3 is 703.5 nm in the studied

samples, the thickness SiO2 is 1.905 µm; the total size of

the samples is X× Y× Z = 0.5× 10× 10mm.

The domains were recorded in the AFM-tip voltages

followed by examination by piezoelectric force microscopy

(PFM) using NTEGRA Prima microscope (NT-MDT Spec-

trum Instruments, Zelenograd) in a clean area of the control
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and measuring complex
”
TRACKPORE ROOM-05“ (purity

class 5 ISO (100), accuracy of maintaining the temperature

(T ) in the ambient air in the clean zone in the range of

25 ± 5◦C was ±0.05◦C, the relative humidity in the range

of 40± 10% was maintained with an accuracy of ±1%).
The experiments used silicon cantilevers (HA FM, beam B,

LLC
”
Kapella“, Zelenograd) coated with Pt, which had the

following characteristics: resonant frequency f = 77 kHz,

stiffness k = 3.5N/m, point rounding radius R < 35 nm.

The domain structure was studied in the lateral PFM

mode. The domains were recorded using the application

of a constant voltage UDC AFM tip in an LNOI thin

film and are schematically shown in Fig. 1. The domains

were recorded by using the vector lithography method

according to a graphic template created in advance with

different recording intervals by applying UDC between a

conductive tip in contact with a nonpolar (X-) surface. Local
piezoelectric hysteresis loops Hω −UDC were obtained

by applying voltage pulses UDC with varying amplitude

from +50 to −50V and then from −50 to +50V with

an amplitude step of 100mV (Hω — electromechanical

response signal). The duration of the voltage pulses tp,
constant for this cycle, ranged from 10 to 1000ms for

different cycles, the pulse interval 10ms. The piezoelectric

response signal was measured in the interval between pulses

at UDC = 0V.

2. Results and discussions

2.1. Writing domains in an LNOI thin film using
AFM

Lithium niobate LiNbO3 has not been studied well

enough on a microscopic scale due to significantly high

coercive fields Ec = 220 kV/cm in congruent and 60 kV/cm

in stoichiometric composition. Therefore, such materials

as thin films of LNOI (LiNbO3-on-insulator) provide a

great advantage in understanding the processes in the basic

optoelectronics material. The LNOI thin film is promising

for a number of applications [17–20], and is also suitable for

studying switching processes, hysteresis loops, and related

ferroelectric effects. The use of modern AFM methods for

the diagnostics and study of LNOI thin films provides a

number of advantages in understanding the processes in

more detail. Fig. 1 shows a block diagram of a structure

containing an LNOI thin film, a layer of silicon oxide SiO2,

and a subsequent three-dimensional LiNbO3 crystal. Fig. 1

illustrates the recording of domains on an LNOI thin film

of nonpolar (X-) orientation with an AFM tip.

Next, we will discuss in more detail the processes of

AFM recording on a nonpolar slice in an LNOI thin film.

The domains recorded with the AFM tip are stable and do

not degrade during the observation period (several months).
Fig. 2 shows PFM images of recorded single domains using

AFM vector lithography. The domain that originated at the

recording point grows frontally along the polar axis +Z in a

thin layer under the action of the tangential component of

Utip

LNOI

LiNbO  (bulk)3

SiO2

X

Z

Figure 1. Diagram of recording domains with an AFM tip in an

LNOI thin film of nonpolar (X-) orientation.

the field Ez created at the point of contact of the AFM tip

with the surface. The domain is elongated along the polar

axis Z in Fig. 2, the domain itself is shaped like a
”
drop

or needle“, where L ≫ D, and the domain is wider at the

recording point than at the other edge (L — length of the

domain along the polar axis, D — width in the orthogonal

direction). The process of domain formation during local

recording with an AFM tip is similar to the process of

domain formation during electron irradiation, where the

needle-like shape of the domain during electron beam

recording has been demonstrated in many papers [2,10].
The domains were visualized in PFM mode after

the domain recording, and the recorded single domain

structures were calculated at different pulse durations

tp = 500−5000ms. The domain sizes were calculated in

the SPIP program after recording. The dependences of the

domain length on the pulse duration are shown in Fig. 3.

The domains were recorded in the voltage range of

UDC = 30−50V, where domains with the voltage of less

than 30V were not visualized. The data was approximated

by the exponential function y = k exp(x/t) + y0. Fig. 3

shows the difference in the growth curves for domains

recorded at 30V, and for domains recorded at 40−50V. The

saturation yield of the curve for data at 30V is characterized

by a lower coefficient k = 26 and time t = 929 s, which

may be the cause of nucleation and subsequent frontal

growth only in a thin near-surface layer. Whereas coefficient

k = 282 and time t = 471 s for 40V, coefficient k = 249

and time t = 349 s for 50V. It can be seen from these

coefficients that switching occurs at shorter times tp at a

higher voltage and the switching process for 40−50V is

almost the same. This domain growth takes place in low

and medium fields, according to the exponential function.

Next, the dependences of the domain length LD(UDC) for
tp = const shown in Fig. 4 were studied.

These dependences L(UDC) are well described by a linear

function, which was obtained earlier in the study of thin

films of polar orientation [7,8]. The domains appear at

certain threshold voltages Uthr (in our case ≥ 30V), which

decreases with the increase of the pulse duration. However,

a certain pulse duration is required to consolidate the

formed domains, whereas they disappear with shorter tp.
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Figure 2. PFM images of recorded single domains using AFM vector lithography: a — pulse duration tp = 1 s; b — pulse duration

tp = 5 s; voltage UDC = 30−50V.
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Figure 3. Dependence of domain length LD on the pulse duration

at voltages UDC = 30−50V.

This shows the reverse switching effect characteristic of

LiNbO3 [21].

2.2. Hysteresis loops

Let us consider a question related to hysteresis loops.

Piezoelectric hysteresis loops were obtained using indirect

measurement (AFM methods), where the observed shape

of the hysteresis loop cannot be directly interpreted in

terms of spontaneous polarization Ps and coercive field

Ec. However, the amplitude and width of the loops

qualitatively characterize the residual polarization P rem and

the coercive voltage Uc. Fig. 5 shows the results of studies

of LNOI hysteresis loops in the range of pulse duration

tp from 10 to 1000ms. The loops obtained under the
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Figure 4. Dependence of the domain length on voltage L(UDC)
at tp = 500ms, 1 and 5 s, respectively.

given conditions were measured at closely spaced surface

points within a single AFM scan. The loops observed

in LNOI are strongly shifted and unipolar, however, Prem

does not increase with an increase of tp, which indicates

that there is no pinning at the domain boundaries or it is

very weak. Whereas the distribution of hysteresis loops

depends on the loop frequency in the helium implanted

waveguide He:LiNbO3 [22], and the hysteresis loops are

spatially scattered, as evidenced by the apparent pinning on

the waveguide (locking) layer.

The coercive voltage Uc and the bias voltage Ub listed in

the table were calculated based on the obtained hysteresis

loops. It can be seen from these data that Uc slightly

decreases with an increase of tp, which may be an

instrument measurement error (< 10%), and not associated

Technical Physics, 2025, Vol. 70, No. 1



76 Ya.V. Bodnarchuk, R.V. Gainutdinov, T.R. Volk

U, V

–50 –30 –20 –10 0 20 30 40

80

100

20

–40

–80

–60

–100

–20H
, 
a.

 u
.

ω

500 ms

100 ms

10 ms

1000 ms

0

40

60

–40 10 50

Figure 5. Piezoelectric hysteresis loops in LNOI, obtained

at closely spaced surface points at tp from 10 to 1000ms.

Ub and Uc, obtained from hysteresis loops

tp, ms Uc, V Ub, V

10 7.32 1.093

100 7.046 0.987

500 6.168 1.582

1000 6.49 1.45

with pinning on the interface. No reverse switching and an

increase of the bias voltage Ub compared with a bulk crystal

was observed in previously published papers on switching

thin LNOI films with a layer of gold [6].

Conclusion

Microdomain structures were recorded in an LNOI thin

film (LiNbO3-on-insulator) of nonpolar (X-) orientation

with a thickness of 703.5 nm using an AFM tip and their

properties were investigated. The obtained dependences of

the domain length LD on the pulse duration tp and voltage

UDC were approximated by exponential and linear functions,

respectively, which shows the similarity in kinetics in the

previously obtained results on thin films (Z-) and in a

helium-implanted waveguide (Z-) orientation. It has been

shown that domains appear at a threshold voltage of

30V and above, since either reverse switching occurs at

the voltage up to < 30V, or domain pinning does not

occur on the interface. The switching takes place at

shorter pulse durations tp when the voltage increases. It

was found that the coercive voltage and the displacement

field are practically independent of the pulse application

time, which indicates similar mechanisms in polar and

nonpolar sections. The stability of the recorded domain

structures are in good agreement with the previously

obtained results in lithium niobate and its derivative struc-

tures.
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