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The results of domain recording and evolution using an AFM tip were obtained for three film thickness: 300 nm,
500 nm, 700 nm. It was shown that domain growth and formation depend significantly on the thickness of the thin
film§ waveguide layer. At minimum recording voltages, stable and regular domains are recorded in waveguides with
thicknesses of 300 and 500 nm, but this regularity and stability are not observed in a thin film of 700 nm with the
same recording parameters Domain coalescence has been studied, which depends both on the recording period

between domains and on the thickness of the thin film.
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1. Introduction

Thin films of lithium niobate (LiNbOs-on-Insulator,
LNOI) has gained a growing attracted in today’s integral
photonics and microelectronics due to their unique piezo-
electric, nonlinear-optical and ferroelectric properties [1-4].
Domain structures in thin films are of particular interest
for controlling the nonlinear processes, providing efficient
the nonlinear optical-frequency conversion in the quasi-
phase matching (QPM) mode [5], paving the way for
miniaturization of devices and increasing their efficiency.

Among the promising methods of nanodomain engineer-
ing in thin films of LNOI are the atomic force microscopy,
electron and ion irradiation [10-12]. These are the invasive,
non-contact and non-destructive methods with the possibil-
ity of obtaining structures with a period up to a submicron
scale. These non-contact methods allow preventing the neg-
ative edge effects peculiar to the ferroelectrics at the elec-
trode boundary, which are observed when using a common
field method for creating regular domain structures (RDS)
by applying an external field to a system of electrodes
deposited on the crystal surface. The advantage of these
methods, directly related to this study, is the possibility of
creating RDS on the polar surfaces of a LNOI thin film. This
geometry may be applicable for some waveguide optical cir-
cuits. The purpose of this work is to study the dynamics of
domains in thin films of different thicknesses and to identify
their common features and differences, which will make it
possible to create regular domain structures in LNOL

2. Experimental procedure

Thin single-crystal layers of LNOI (LiNbOs-on-Insulator)
having polar (Z-) orientation (Nanoln Electronics, Jinan,
China) were used in the experiment.
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Thin films of LNOI were fabricated using the method
of ion implantation with light ions (H, He, etc.) followed
by cleavage of a thin single-crystal layer of lithium niobate
LiNbO3 and the subsequent fixing of the thin film to
the substrate (in our case, the thin film is a sandwich
structure consisting of a stripped off thin single-crystal layer
of LiNbOs3, a conductive Au/Pt layer and SiO; layer, which
is fixed on a substrate of a bulk crystal of LiNbO3). Thin
films and waveguides fabrication methods are described in
detail in papers [13-16].

LNOI, schematically shown in Figure 1, is composed of
a thin single-crystal wafer of LiNbO3; and LiNbOs crystal of
Z-cut separated by the layers of SiO, and metal. The waveg-
uide effect in the upper (thin) wafer is reached due to the
ratio ngo < niN (Where ngo and npy — refractive indices
SiO, and LiNbOj respectively). In the studied samples the
thickness of the waveguide layer LINbO3 was 700 nm, 500
and 300nm, thickness of metallic layer Au/Pt — 100nm
and thickness of SiO, — 1.905um. The samples had
the following geometry X XY x Z=10 x 10 x 0.5mm (see
Figure 1, block-diagram).

The domain structures of various configurations were
fabricated by microscopic methods of scanning and vector
lithography using an atomic force microscope (AFM) [17].
The experiments were carried out using probe laboratory
Ntegra Prima SPM(NT—MDT, Moscow). The vector
lithography method was implemented using a graphical
template made with variable recording intervals by applying
Upc between a conductive probe (with Pt coating) in
contact with a polar (Z-) surface. One-dimensional (1D)
and two-dimensional (2D) domain structures were recorded
by applying a constant field Upc of AFM probe in LNOI
film and are schematically shown in Figure 1. The domain
originated at the point of the probe-surface contact grows
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Figure 1. Scheme of recording domains with an AFM probe in
an LNOI thin film of polar (Z-) orientation.

axially along Z axis. The recorded structures were studied
by piezoresponse force microscopy (PFM) method. The
exposure characteristics of the formation of single domains
were measured. The local hysteresis loops of H, — Upc
(H, — signal of electromechanical response, Upc —
AFM probe voltage) were measured using PFM-microscopy.
Special attention was paid to the analysis of piezoelectric
hysteresis loops that were used to determine the coercive
voltage and bias voltage. A model of a flat capacitor was
used to calculate the electric field.

3. Results

3.1. Piezoelectric hysteresis loops

Figure 2, a illustrates the hysteresis loops at 7, = 100 ms
(t, — voltage pulse time) for the three different film

thicknesses. All loops were measured at closely spaced
points on thin films of different thicknesses. Figure 2,5
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shows piezoelectric hysteresis loops measured in a 500 nm
thick thin film at 7, = 70—1000 ms.

The measured hysteresis loops qualitatively characterize
the remaining polarization P, and the coercive voltage U.,.
From Figures 2, a and 2, b, it can be seen that there is a slight
decrease in E,, but this decrease is within the error range,
so the loops can be considered as frequency-independent.
This result is consistent with the data on classical lithium
niobate LiNbOj. The loops are unipolar, which may be the
reason for the presence of a lower locking layer immediately
following the waveguide layer. It can be seen from the data
in Figure 2, b that the value H,, does not depend on ¢, and
there is no relaxation of the recorded domain structures, as
a result of which no reverse switching occurs.

Figure 3 shows distribution of the coercive voltage Uc
versus the film thickness. From Figure 3 we see that
coercive voltage, found from the hysteresis piezoelectric
loops for LNOI 700 nm thick thin film is practically 2 times
higher that for the 300 nm thick thin film.

A model of a flat capacitor was used to calculate the
coercive field:

E=U/D,

where D — thickness of the waveguide layer.

The model of a flat capacitor is in good agreement with
the thin film data, and the numerical values for the coercive
field are in good agreement with the coercive field of a
congruent LiNbO3 E, = 220kV/cm.

The table shows that for thin films with a thickness
of 500 and 700nm, as the pulse duration increases, the
coercive field and the bias field decline, which is typical
for classical ferroelectrics. In a 300 nm thick thin film, the
coercive field does not change or increases slightly with
increasing pulse, which may cause the impact of the lower
locking layer or the film thickness itself during the domain
recording.
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Figure 2. a — piezoelectric hysteresis loops in LNOI thin films measured for 7, = 100 ms; b — piezoelectric hysteresis loops in 500 nm

thick LNOI thin films measured for ¢, = (70—1000) ms.
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Figure 3. Distribution of the coercive voltage Uc versus the film
thickness.

3.2. Domains generated by AFM probe field

Figure 4 illustrates the PFM-image of registered domains
at the exposure time of #, = 1000ms and voltage of
Upc = 30V in thin films 300 (a), 500 (») and 700 nm (c).
The domains were recorded using a graphical template with
a specific period in each row: A = 1um, 500 nm, 200 nm
and 100nm, respectively. Based on PFM-image data we
may see a difference in the regularity and reproducibility
of the recorded domain structures in a 700 nm thick thin
film. Whereas for a thin film with a thickness of 300 nm
(as well as in a film with a thickness of 500 nm), a clearly
structured domain record is observed in terms of shape
with sustained periods.

This discrepancy in the records of domain structures may
be explained by the fact that domains in thin films with
thicknesses of 300 and 500nm emerge over the entire
thickness of the film and are pinned on the conductive
layer. Whereas for a 700nm thin film, the contribution
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(initial) and average voltages. Whereas at a maximum
of 50V, the domains emerge over the entire thickness of
the film.

Figure 5 shows a PFM image of the recorded domains
of a 300nm thick film at exposure time of ¢, = 100 ms
and voltage Upc = 50V. This result in domain recording
is already similar for three film thicknesses at maximum
applied voltages. When the domains approach each other at
a certain distance, the domains begin to stick together, and
their coalescence occurs. Coalescence may result from the
domain boundary shorting on the lower conductive layer
(suppressing inter-domain electrostatic repulsion). But this
question is still open for study, since closely spaced domains
with charged walls shall repel each other. Here, the charge
most likely drains on the short-circuited conductive domain
walls with the lower electrode.

Figure 6 shows the domains diameter versus Upc with
the exposure time of 7, = 100ms (a) and 1000ms (b)
for the 300, 500 and 700 nm thick thin films. It can be
seen from the graphs that the greatest variation in data
is observed for films with a thickness of 700nm and
t, = 100ms, and these data are poorly approximated. The
data for the remaining two films are well approximated by
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Figure 4. PFM-image of written domains at the exposure time of z, = 1000 ms and voltage of Upc = 30 V: @ — film thickness 300 nm;

b — film thickness 500 nm; ¢ — film thickness 700 nm.
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Figure 5. PFM-image of the recorded domains with the exposure
time of t, = 100 ms and voltage of Upc = 50 V. The film thickness
was 300 nm.

a linear function, which is consistent with the results of
recording in congruent LiNbOs.

Figure 6 shows that for a 300 nm thin film, the slope of
D(Upc) curve is greater, because the process of movement
of the domain wall here occurs faster than in a 700 nm thick
thin film.

Figure 7 shows the exposure dependences of the domain
size on the recording time D(z,) for films with thicknesses
of 300, 500, and 700 nm. The figure shows that for a film
with a thickness of 700 nm, there is a greater spread of
data than for thin films with a thickness of 300 and 500 nm.
This is rather due to the fact that the domains in a 700 nm
thick film lie near-surface and do not grow to the bottom
locking layer. For films with thicknesses of 300 and 500 nm,
the graph on the right shows a ,saddle“ of the domain
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growth, which may be caused by stopping of the domain
wall motion.

The effect of the thin film thickness on recording and
growth of domain structures is one of the main factors. It
can be assumed that thin films with a thickness of 300 nm
have a smaller size of the switched area in the volume,
the electric field is more uniform across such a film, and
the domain grows over its entire thickness and shorts on the
bottom locking layer, as a result of which there is a complete
switching, starting from the minimum voltages and times.
At the same time, 700 nm thick films require long recording
times to completely invert (switch) the domains.

4. Conclusion

In thin films LNOI (LiNbO; on-Insulator) of (Z-)
orientation with a waveguide layer thickness of 300, 500
and 700 nm the stable 1D- and 2D-domain structures with
a specific design were recorded using AFM probe and their
properties were examined. The exposure dependences of
D(t,) and D(Upc) domains were calculated and analyzed.
Based on the data on the kinetics of domain recording, a
comparative analysis of the domain growth specifics within a
thin film was performed. The results showed that thickness
of the waveguide layer is a key factor influencing the
stability and reproducibility of domains. It is shown that
in the 700 nm thin films, there is a greater spread of data,
which may be indicated by the fact that the domains do
not emerge over the entire thickness of the film and are
located near the surface or either a reverse switching occurs
with shorter exposure times. Whereas for the 300 nm and
500 nm thick thin films the domains are of a ,,through“ type
and emerge across the entire film thickness. The obtained
piezoelectric loops of hysteresis are unipolar. The value of
H, does not depend on ¢,, while there is no relaxation of
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Figure 6. Diameter D of domains versus Upc with the exposure time of 1, = 100 ms (a) and 1000 ms (b) for the 300, 500 and 700 nm

thick thin films.
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Figure 7. Exposure dependences of the domain size on the
recording time D(t,) for the 300, 500 and 700 nm thick films.

the recorded domain structures, which indicates the absence
of reverse switching. When the domains approach each
other, coalescence occurs starting from a certain exposure
time and voltage. Coalescence may result from the domain
boundary shorting on the lower conductive layer (sup-
pressing inter-domain electrostatic repulsion). These data
are essential for engineering the stable domain structures,
which are necessary, for example, in nonlinear optical
frequency converters and devices based on periodic domain
engineering.
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