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Abstract: We present a simple and effective way to improve the thermal stability of nano-domains
written with an atomic force microscope (AFM)-tip voltage in a lithium niobate film on insulator
(LNOI). We show that nano-domains in LNOI (whether in the form of stripe domains or dot domains)
degraded, or even disappeared, after a post-poling thermal annealing treatment at a temperature on
the order of ~100 °C. We experimentally confirmed that the thermal stability of nano-domains in
LNOI is greatly improved if a pre-heat treatment is carried out for LNOI before the nano-domains are
written. This thermal stability improvement of nano-domains is mainly attributed to the generation of
a compensating space charge field parallel to the spontaneous polarization of written nano-domains
during the pre-heat treatment process.
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1. Introduction

Lithium niobate (LiNbO3), one of the most versatile ferroelectric materials, has been widely
studied due to its excellent performance on electro-optic modulation [1,2], acousto-optic modulation [3]
and nonlinear optics [4,5]. Recently, the technique of lithium niobate film on insulators (LNOI) [6-8]
has attracted much attention for its potential applications in integrated devices. Numerous novel
optical elements based on LNOI have been reported, including photonic crystals [9], high-Q
microresonators [10], ridge waveguides [11], and hybrid lightwave circuits [12].

By applying a polarization reversal voltage, via an atomic force microscope (AFM)-tip, domain
reversal and domain patterning can be realized in lithium niobate thin films. Based on this technique,
Gainutdinov et al. [13] reported that the size and shape of domain patterns can be precisely controlled,
enabling the realization of periodically poled lithium niobate (PPLN) with period of hundreds of
nanometers. PPLN films can be used for quasi-phase-matching (QPM) devices, such as PPLN
microcavities [14] and PPLN waveguides [15], to achieve frequency conversion. Obviously, the stability
of written domains is very important for LNOI-based applications such as PPLN microcavities, PPLN
waveguides, and nonvolatile ferroelectric domain memories [16-19].

Several groups have studied the thermal stability of domains in various ferroelectric materials,
such as Rb-doped KTiOPOy [20], LiTaOs [21], Pb(Zrg4Tip6)Os3 [22], and LiNbO;3 [23,24]. They
reported that the ferroelectric domains would degrade, or even disappear, after heat treatment.
Moreover, Shao et al. [25] reported that the domain structures fabricated on LNOI are unstable
even at room temperature. Obviously, such instability would prevent the ferroelectric domains from
applications where the device temperature will rise due to light absorption or due to high temperature
environments.
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In this paper, we propose a simple and effective method to improve the thermal stability of
nano-domains in lithium niobate thin films. We confirmed that nano-domains written in LNOI by
applying an AFM-tip voltage were unstable at high temperatures in the order of ~100 °C. However,
we found that the domain stability can be significantly improved if the LNOI sample experiences
a pre-heat treatment before the nano-domain fabrication process. The underlying mechanism was
also discussed.

2. Materials and Methods

The schematic experimental setup is shown in Figure 1, in which the structure of the LNOI sample
used in our experiments is also clearly shown. The LNOI sample was composed of a 300-nm thick
+Z-cut ion-sliced LiNbOj thin film, a 100-nm thick Cr thin film, a 2-pm thick SiO; layer, and a 500-um
thick LiNbOj3 substrate, which were all layered or bonded to one another in sequence. The 100-nm
thick Cr layer served as a bottom electrode when an AFM-tip voltage was applied on the top 300-nm
thick LiNbO; thin film. Here, different metals may be used as the bottom electrode and different
metal-lithium-niobate interfaces may have an effect on the domain poling process, but this is not the
main topic of the current paper and will not be explored here.

In the experiments, the top LiNbO3 film was poled directly by applying a DC voltage through an
AFM conductive probe tip, contacting the film top surface with the Cr layer being grounded. The dot
domains were written under the AFM-tip voltage step by step, and the stripe domain patterns were
written using a raster lithography method with graphic templates. The reversed domain structures
were characterized by using piezoresponse force microscope (PFM), a versatile and powerful method
to image domain structures with nano-size features. The tip radius, R, and the resonance frequency, fr,
of the pt-coated Si probe tip used in the experiments were R = 20 nm and fr = 100 kHz, respectively.
All AFM and PFM experiments were carried out with an MFP-3D Infinity atomic force microscope
(Asylum Research, Goleta, CA, USA).

LiNbO, film
Cr layer

LiNbO, substrate

Figure 1. Schematic diagram of nano-domain writing in lithium niobate film on insulators (LNOI)
under an atomic force microscope (AFM)-tip voltage.

The thermal heat treatments, including the post-poling annealing treatment after the domain
writing process and the pre-heat treatment with the virgin LNOI sample without domain structure,
were carried out by using an electric drying oven. The sample was heated to a temperature ranging
from 90 °C to 210 °C in air, with a heating rate of 5 °C/min from room temperature, and then
maintained at the high temperature for a certain time. After that, the sample was moved out from the
drying oven and cooled down naturally to room temperature in air with a cooling rate of ~20 °C/min.
Note that no oxidation or reduction effect was observed in lithium niobate thin films during the
thermal annealing treatment at a temperature of the order of 100 °C.

3. Results

3.1. Thermal Stability of Nano-Domains in Lithium Niobate Thin Films

To begin with, we will explore the thermal stability of nano-domains in lithium niobate thin films
without any pre-heat treatment in this part. As QPM devices and ferroelectric domain memory are two
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important potential applications for domain structures, both stripe domains and dot domains were
fabricated and studied. Here, the stripe domains were fabricated using a raster lithography method
with an AFM-tip voltage of 35 V. The rate of lithography was fixed at f = 2 Hz. Periodical stripe
domains with a fixed period of 1 um and an averaged stripe length of ~4 um but with different stripe
widths of w = 396 nm, 205 nm, and 156 nm, were fabricated. The PFM images of these as-written
stripe domains were measured, and the results are shown in Figure 2a—c, respectively.

We confirmed experimentally that these as-written stripe domians were stable at room
temperature, and no degradation was observed even for several days. Then, the stripe domains
were thermally annealed at a high temperature T = 120 °C for t = 1 h and then cooled down
naturally to room temperature in air again. For comparison, the PFM images of the stripe domains
after the thermal annealing treatment are shown in Figure 2d-{, respectively. The stripe domains were
significantly degraded in both width and length dimensions after the thermal annealing treatment.
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Figure 2. (a—c) Piezoresponse force microscope (PFM) images of as-written stripe domains with

180°

different stripe widths before the thermal annealing treatment. (d-f) The corresponding PFM images
of stripe domains after the thermal annealing treatment at T = 120 °C for 1 h. The length of the stripe
domains was set to be ~ 4 pm. The scale bar in all figures is 1 um.

In addition, dot domains with different diameters were also fabricated by applying different
AFM-tip voltages for a fixed time t,, = 1 s. Each dot domain was separated from one another by 1 um
in both the horizontal and vertical directions. Figure 3a shows the PFM images of the fabricated dot
domains, in which four dot domains in each row were fabricated with the same tip voltage. These
voltages were, from the bottom up, 40 V, 45V, 50 V, and 55 V. The averaged diameter of the as-written
dot domains in each row was measured to be 215 nm, 255 nm, 294 nm, and 333 nm, respectively. Here,
the diameter D of a dot domain was estimated by equaling the area of the dot domain to a circle with a
diameter D.

These as-written dot domains were also stable at room temperature. After that, the dot domains
were annealed thermally at a high temperature T = 120 °C for one hour, and then the dot domains
were cooled down to room temperature in air. Again, the PEM images of the dot domains after thermal
annealing treatment were measured, and the results are shown in Figure 3b. It is evident that the dot
domains are significantly degraded and even disappear for those small dot domains. This observed
thermal instability is likely detrimental for practical applications such as QPM devices and ferroelectric
domain memory devices.
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Figure 3. (a) PFM images of as-written dot domains with different diameters before the thermal
annealing treatment. (b) The corresponding PFM images of dot domains after the thermal annealing
treatment, at a temperature T = 120 °C for 1 h. Here, the dot domains in each row were fabricated at

the same AFM-tip voltage. These voltages were, from the bottom up, 40V, 45V, 50 V, and 55 V. The
scale bar was 1 um in both cases.

3.2. Improvement on the Thermal Stability of Nano-Domains in Pre-Heated Lithium Niobate Thin Films

Here, we introduce a simple but effective way to improve the thermal stability of nano-domains
in lithium niobate thin films. First, a virgin single-domain sample without any domain structures
was put into the electric drying oven to undergo a pre-heat treatment at T, = 150 °C for 2 h. Then,
nano-domains were written with the same tip voltage as those in Figure 2 for stripe domains and in
Figure 3 for dot domains. In the experiments, the period of the stripe domains was set to be 1 um, and
the width of the stripe domains was set to be 333 nm, 215 nm, and 137 nm, respectively. The PFM
images of these as-written stripe domains were measured and are shown in Figure 4a—c, respectively.

After that, the sample with the stripe domains was thermally annealed at T = 120 °C for
1 h and then cooled down naturally to room temperature in air. The PFM images of the stripe
domains were measured again for comparison, after the thermal annealing treatmen, and the results
are shown in Figure 4d—f, respectively. As shown in Figure 4, although the stripe domains with a
pre-heat treatment also degrade after the post-poling thermal annealing treatment, the degradation is
significantly suppressed as compared to the case without the pre-heat treatment.

Figure 4. The thermal stability of stripe domains in a sample that underwent a pre-heat treatment
at Tp = 150 °C for 2 h. (a-c) PFM images of as-written stripe domains before the thermal annealing

180°

treatment. (d—f) PFM images of stripe domains after the thermal annealing treatment at 120 °C for 1 h.
The length of the stripe domains was set to be ~ 4 pm. Here, the tip voltage used to fabricate the stripe
domains was the same as that in Figure 2. The scale bar is 1 pm in all figures.

The thermal stability of the dot domains in the pre-heat treated samples was also studied. In
the experiments, the dot domains were written in the pre-heat treated sample under the same tip
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voltage and writing time t,y as those in Figure 3. Similarly, the separation distance between the nearest
neighboring dot domains was set to be 1 pm in both the horizontal and vertical dimensions, and dot
domains with different averaged diameters of 215 nm, 255 nm, 294 nm, and 333 nm were prepared.
Again, the diameters of the dot domains were averaged over four dot domains fabricated under the
same tip voltage and writing time t,. Then, the sample with the dot domains underwent the same
thermal annealing process as that in Figure 3.

The PFM images of the dot domains before and after the post-poling thermal annealing treatment
were measured for comparison, and the results are shown in Figure 5. Compared to the case without
pre-heat treatment in Figure 3, the thermal stability of the dot domains in the pre-heat treated samples
is significantly improved.

(@) (b)

0° 0°

Figure 5. Thermal stability of the dot domains in a sample that underwent a pre-heat treatment at
Tp = 150 °C for 2 h. (a) PFM images of as-written dot domains with different diameters before the
thermal annealing treatment. (b) PFM images of dot domains after the thermal annealing treatment at
120 °C for 1 h. Here, the dot domains in each row were fabricated at the same AFM-tip voltage as those
in Fig. 3. The scale bar is 1 um in all figures.

4. Discussions

To show quantitatively the improvement on thermal stability of nano-domains in the pre-heat
treated samples, we introduced a thermal stability parameter P, defined as P = S;emain / Sinitial, Where
Sinitial aNd Sremain are the areas of the nano-domains before and after the post-poling thermal annealing
treatment. The domain is more stable for a larger P. Table 1 lists the values of the thermal stability
parameter P for both stripe domains and dot domains, as shown in Figures 2-5.

In general, as compared to the case without pre-heat treatment, the thermal stability parameter P
is much larger for nano-domains in the pre-heat treated samples, indicating that the thermal stability
of nano-domains in samples with pre-heat treatment is significantly improved. Note that the length of
stripe domains also shrinks, and the length shrinkages were measured to be 0.294 um, 0.235 um, and
0.588 um, in the case without pre-heat treatment, while in the case with pre-heat treatment, the length
shrinkages were reduced to be 0.125 pm, 0.121 pm, and 0.093 pm, for stripe domains with widths of
333 nm, 215 nm, and 137 nm, respectively.

Table 1. The thermal stability parameter, P, of nano-domains in samples with or without pre-heat
treatment. The condition of pre-heat treatment was T, = 150 °C for 2 hours. The length of the stripe
domains was set to be ~4 pum.

Width of Stripe Domains Diameter of Dot Domains
333nm 215nm 137nm 333nm 255nm 215nm

without pre-heat treatment 0.69 0.64 0.52 0.24 0 0
with pre-heat treatment 0.86 0.83 0.79 0.72 0.66 0.56

Domain Size

The dependence of the thermal stability parameter, P, on the post-poling annealing temperature, T,
was studied for both stripe and dot domains without pre-heat treatment, and the results are shown in
Figure 6. Here, stripe domains with different widths of 372 nm, 196 nm, and 155 nm and dot domains
with different diameters of 333 nm, 255 nm, and 215 nm, were prepared. The length of all stripe
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domains was set to be ~4 pm. In all cases, the post-poling thermal annealing time, t, was set to be one
hour. For both stripe domains and dot domains, the thermal stability parameter, P, decreases with the
increase of the post-poling annealing temperature, T, and the domain degradation at 120 °C is typical
of the representative results within the studied temperature range, which is practically reachable in
nano-size photonic structures, such as PPLN microcavities and PPLN ridge waveguides.
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Figure 6. The dependence of the thermal stability parameter, P, on the post-poling annealing
temperature T for both stripe domains (a) and dot domains (b) of various sizes without pre-heat
treatment. Here, the post-poling thermal annealing time t was set to be 1 h in all cases, and the length
of the stripe domains was set to be ~4 pum.

It has been reported that the domain structures in bulk lithium niobate crystals are stable at
temperatures on the order of 100 °C but decay also at a much higher temperature above 600 °C [26,27],
indicating that the domain structure in bulk crystal sheets is much more thermally stable when
compared to that in lithium niobate thin films.

Furthermore, we studied the dependence of the thermal stability of nano-domains on the
experimental pre-heat treatment conditions. In the experiments, pre-heat treatment on virgin
single-domain samples was carried out at different high temperatures, Tp, for different time periods,
tp, and then stripe or dot domains with different sizes were fabricated by applying appropriate tip
voltages. After that, the nano-domains were thermally annealed at T = 120 °C for 1 h. The PFM
images of all nano-domains were measured and the thermal stability parameter P was characterized
for each nano-domain.

Figure 7a,b shows the dependence of the thermal stability parameter, P, on the pre-heat
temperature, Tp, with t, = 2 h for the stripe domains and dot domains, with various sizes. P
increases with the increase of the pre-heat temperature, Tp, in both the stripe domain and the dot
domain cases, indicating that the nano-domains are more thermally stable with higher Tj,. Figure 7c,d
depicts the dependence of the thermal stability parameter, P, on the pre-heat time, tp, for the stripe and
dot domains of various sizes. Here, the pre-heat treatment temperature was set to be 150 °C for both
cases. The thermal stability parameter P is larger with longer pre-heat treatment time, t,. In addition,
the nano-domains with larger sizes are more stable for both cases, as shown in Figure 7.
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Figure 7. Dependence of the thermal stability parameter, P, on the pre-heat temperature, Tp, (a,b) and
the pre-heat time, tp, (c,d), for nano-domains with various sizes. Here, (a,c) are the results for the stripe
domains, while (b,d) are the results for the dot domains. The pre-heat time, t,,, was 2 hours for (a,b),
while the pre-heat temperature, Tj,, was set to be 150 °C for (c,d). All nano-domains were thermally
annealed at T = 120 °C for 1 h.

From the above results, we see that domain degradation or even domain back switching may
occur in lithium niobate thin films during a thermal annealing process at temperatures on the order of
a hundred degrees Celsius. Fortunately, such domain degradation or back switching can be greatly
suppressed through a simple pre-heat treatment for the virgin single-domain lithium niobate thin films.
It is well known that the domain kinetics in ferroelectric lithium niobate are related to the local field
distribution within lithium niobate crystals. At room temperature, the depolarization field, Eq, is fully
compensated by the screening field, Esccen, due to surface charges or bulk charges in lithium niobate
crystals. When the crystal temperature increases, the spontaneous polarization, Ps, and therefore the
depolarization field, Eg, decreases. This breaks the balance between the depolarization field, E4, and
the screening field, Esceen. Therefore, the thermally actived bulk charges, such as protons in lithium
niobate may drift in bulk, or the surface charges may accumulated on the surface, to compensate for
this field imbalance [28,29]. This will result in a space charge field, Es, in lithium niobate with its
direction antiparallel to the spontaneous polarization, Ps. It is this space charge field that results in
the degradation or back switching of the nano-domains in lithium niobate thin films. Note that the
component of the space charge field induced by the thermally activated charges are fixed after the
crystal is cooled down to the room temperature. This space charge field component induced by the
thermally activated charges in crystal is also formed during the pre-heat treatment, and its direction is
antiparallel to the spontaneous polarization in the virgin single-domain crystals but parallel to the
reversed spontaneous polarization of the stripe or dot domains, which, therefore, results in a great
suppression on the degradation of nano-domains. Comprehensive domain kinetics in lithium niobite
thin films are an interesting but complicated topic, and they surely deserve a full-length study beyond
the scope of this paper; for more details, please refer to Ref. [30].

5. Conclusions

In conclusion, we demonstrated a simple yet effective way to improve the thermal stability
of nano-domains fabricated in lithium niobate thin films. We confirmed that the nano-domains in
lithium niobate thin films are thermally unstable even at a temperature on the order of ~100 °C, which
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can be easily reached locally in nano-size photonic structures, due to light absorption. Therefore,
such thermal instability of nano-domains could be very detrimental to practical applications, such as
PPLN microcavities, PPLN ridge waveguides, and ferroelectric domain memories. We demonstrated
that the thermal stability of nano-domains can be greatly improved when the lithium niobate thin
film undergoes a pre-heat treatment before the fabrication of nano-domains. This thermal stability
improvement is attributed to the generation of a space charge field during the pre-heat treatment,
which is parallel to the spontaneous polarization of nano-domains. Our results should be useful
for nano-domain-based photonic devices such as PPLN microcavities, PPLN ridge waveguides, and
ferroelectric domain memories.
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