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Abstract: Lithium niobate on insulator (LNOI) is a powerful platform for integrated photonic
circuits. Recently, advanced applications in nonlinear and quantum optics require to controllably
fabricate nano-resolution domain structures in LNOI. Here, we report on the fabrication of stable
domain structures with sub-100 nm feature size through piezoelectric force microscopy (PFM)
tip poling in a z-cut LNOIL. In experiment, the domain dot with an initial diameter of 80 nm and
the domain line with an initial width of 50 nm can survive after a storage of more than 3 months.
Particularly, we demonstrate the successful fabrication of 1D stable domain array with a period
down to 100 nm and a duty cycle of ~50%. Our method paves the way to precisely manipulate
frequency conversion and quantum entanglement on an LNOI chip.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Lithium niobate on insulator (LNOI) is one promising and versatile material in the field of
integrated photonics due to its superior material properties and high confinement of optical
mode [1-3]. High-quality LNOI photonic elements such as ultra-low-loss waveguides [4,5], high
Q-factor microresonators [6] and photonic crystals [7] have been experimentally demonstrated,
which considerably boost the developments of on-chip wavelength converters [8§—10], electro-optic
modulators [11,12], and optical frequency combs [13]. Interestingly, combined with periodically
poled domain structures, LNOI is capable of enhancing the conversion efficiency of nonlinear
optical processes through quasi-phase-matching (QPM) [14] mechanism.

Among the techniques to fabricate domain structures [15-20], piezoelectric force microscopy
(PFM) tip poling is particularly useful for nanoscale domain engineering [21-23]. The nanoscale
tip can produce an ultrahigh electric field of ~10% V/m by applying a bias voltage of tens of
volts [24,25]. It has been utilized to realize LNOI periodic domain structure with its period
down to 200 nm [26,27]. However, many practical applications require much smaller domain
structures. For example, nonlinear optical processes under counter-propagating configuration,
such as mirrorless optical parametric oscillators (MOPO) [28] and backward second harmonic
generation (SHG) [29], feature output signals of narrow linewidths. To compensate the large
wave-vector mismatch in these cases [30], it is necessary to further reduce the domain structure
period. For example, it is critical to fabricate LNOI domain structure with a period down to
100 nm to satisfy the QPM condition for the backward outputs of narrow-band signal and idler
quantum lights through spontaneous parametric down conversion (SPDC) process.

In this letter, we demonstrate the fabrication of sub-100-nm domain structures in z-cut
LNOI thin films through PFM tip poling. In experiment, we measure the size dependences
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of dotted domains and domain lines under different experimental conditions. After analyzing
the nanodomain stability, we optimize the poling parameters. For a stable domain structure
(that survives after a storage of 3 months) in our experiment, the minimal domain linewidth is
~50 nm and the minimal structure period with a duty cycle of ~50% is ~100 nm. Such nanoscale
poling technology facilitates the precise fabrication of nanoscale domain structures in LNOI for
applications in nanoelectronics, integrated optics, and nonlinear frequency conversion.

2. Methods

We use a+ z-cut ion-sliced LNOI wafer (Jinan Jingzheng Electronics Co., Ltd. China). As
shown in Fig. 1, the sample consists of a 400-nm-thick LN thin film on a Cr/Au/Cr (30 nm /
100 nm / 10 nm) conductive layer bonded on a SiO, buffer layer (2 um) and a LN substrate (500
um). The coercive electric field of the used sample is measured through switching spectroscopy
PFM (SS-PFM) measurement. In experiment, the conductive layer is grounded by conductive
silver glue. The positive bias voltage is applied to the sample through a conductive PFM tip,
which is a Pt/Ir-coated silicon probe with a radius of ~33 nm (Arrow-EFM, Nanoworld). The
effective electric field is analyzed by using the theory in [24,25]. The experiments are performed
through a dual AC resonance tracking PFM (featuring 0.8~1.5V AC voltage and ~300 kHz
resonant frequency) using a scanning probe microscope (MFP 3D, Asylum Research, USA). The
temperature is ~25°C and the relative humidity is ~35%. All experimental data are analyzed and
recorded using Igor software.
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Fig. 1. The schematic diagrams of PFM tip poling of (a) nanodomain dots and (b)
nanodomain lines.

3. Experimental results and discussion

We start with the poling of nanodomain dots by applying DC voltage pulses with different
amplitudes Upc and durations 7 to the conductive tip. The experiment is conducted in a static
contact mode (Fig. 1(a)). The interval between the domain dots is set to 0.5 um. The pulse
amplitude ranges from 5V to 50 V and the pulse duration ranges from 1 us to 20s.

Figure 2(a) is the PFM phase image of the generated domain dots. The inverted domains
present a circular symmetry, and the measured domain diameters range from tens of nanometers
to 300 nm. When applying a voltage of 15V with a duration of 10 s, we achieve the minimal
domain diameter of ~25 nm. No domain dots are observed when pulse amplitude is below 15 V.
It can be clearly observed that the threshold voltage of domain inversion decreases as increasing
the pulse duration 7. As shown in Fig. 2(c), the domain diameter grows up linearly with Upc,
which is consistent with the previous studies [23,31]. Figure 2(d) shows the dependence of the
domain diameter on the pulse duration 7. When 7>0.01s, one can read a clear logarithmical
relationship. In contrast, when 7< 0.01s, the domain diameters are almost constant as tuning the
pulse duration. This can be explained by the theory of starter domain [32]. During this stage, the
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longitudinal growth of domain dominates while its lateral extension can be neglected. According
to Merz’s law [33], the sizes of the starter domains under different experimental conditions can
be obtained by fitting the cutoff points of the curves in Fig. 2(d). When applying an electric
field of 25V, 30V, 35V, 40V, 45V, and 50V, the sizes of the starter domains are 34 nm, 76 nm,
114 nm, 145 nm, 177 nm, and 206 nm, respectively.
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Fig. 2. The characteristics of nanodomain dots. (a) The PFM phase images of the
domain dots under various DC voltage pulses. (b) shows the results after a three-month
storage. (c) The domain dot diameter as a function of the pulse amplitude Upc. (d) The
dependence of domain dot diameters on the pulse duration 7 is fitted by using y = aln(bx + ).
The errors could result from the condition of PEM tips, the non-uniform LNOI sample, and
non-ideal electrode quality.

Figure 2(b) presents the stability test results of the domain dots in Fig. 2(a) after a storage
of 3 months. The domain dots with initial diameters above 80 nm shrink but still exist in our
experiment. Smaller domain dots are instable and generally disappear within several days. The
domain dots fabricated by using 7 or Upc below the threshold values present poor stability. This
can be attributed to inadequate charge injection and thus incomplete screening of depolarization
field [34].

When writing the nanodomain lines, we use a DC-biased tip and precisely design its movement
path using MicroAngelo software as shown in Fig. 1(b). Thus, each domain line can be written
under nearly the same scanning velocity and bias voltage in one step. In experiment, we compare
domain lines by tuning the bias voltage from 20 to 40 V and the scanning velocity from 0.1
to 20 um/s. Figure 3(a) presents the typical PFM phase images of domain lines by using a
fixed scanning velocity of 0.2 um/s but various poling voltages (top). Figure 3(b) compares
the domain lines written at a fixed bias voltage of 20 V while changing the scanning velocity
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(top). Figures 3(c) and 3(d) summarize the dependences of the domain linewidth on the bias
voltage and scanning velocity, which fit well with linear and negatively logarithmic functions,
respectively. In our experiment, the minimal realizable domain linewidth is 25 nm (Fig. 3(b)),
which, however, survives only for several days. As shown in Figs. 3(a) and 3(b), the domain lines
with an initial linewidth above 50 nm can survive after a 3-month storage. In comparison, the
finer ones completely or partially disappear. The threshold size of a stable domain line (50 nm) is
much smaller than that of a stable domain dot (80 nm) in our experiment. This can be attributed
to the fact that the ratio of domain wall in a domain line is much smaller than that in a domain
dot. This helps reduce the surface energy of the domain wall and then the total free energy of the
domain structure [35].
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Fig. 3. The characteristics of nanodomain lines. (a) The phase image of the domain
lines written by applying various bias voltages (top). The results after a three-month storage
are shown in the bottom. The scanning velocity is set to 0.2 um/s. (b) The phase image of
the domain lines written at different scanning speed (top). The bottom image shows the
results after a three-month storage. The bias voltage is kept at 20 V. (c) and (d) show the
dependences of the domain linewidth on the bias voltage and scanning velocity, respectively.
The experimental data in (d) is fitted by using y = a — bln(x + ¢).
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We have also fabricated periodic nanodomain arrays in LNOI, which are particularly useful in
the generation of narrowband signal and idler lights for quantum applications. Figures 4(a)-(c)
show the phase images of three stable examples. The domain array in Fig. 4(a) has a period of
164 nm + 6 nm and a linewidth of 92 nm + 8 nm, which is fabricated at 25 V voltage and 2.5 um/s
scanning speed. When using 22 V voltage and 1um/s scanning speed, the array in Fig. 4(b)
has a period of 144 nm + 3 nm and a linewidth of 75 +4nm. Figure 4(c) shows the minimal
period under our current experimental system. The period is 102 +4 nm and the linewidth is
53 + 5nm. The used bias voltage is 20 V and the scanning speed is 2 um/s. After a five-months
storage, we have re-measured these domain arrays as shown in Figs. 4(d)-(f), one can still observe
clear periodic nanodomain structures. Here, alterative arrangement of positive and negative
domains could reduce the local free energy, which helps increase the domain stability. According
to previous reports [36], high humidity could have severe impact on domain stability. In our
experiment, the samples were hermetically sealed for preservation at a temperature of ~25°C
and a relative humidity of ~35%. To further improve the stability of nanodomain structures in
practical applications, one may deposit a SiO; layer on the LN thin films as the upper-cladding
[37]. In this way, the environmental conditions that may have negative effects on domain stability,
including electric charges and humidity, can be well screened.
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Fig. 4. The characteristics of nanodomain arrays. (a)-(c) are nanodomain arrays with
the periods of 164 nm, 144 nm, and 102 nm, respectively. (d)-(f) show the domain patterns
after a five-months storage. The samples were hermetically sealed for preservation at a

temperature of ~25°C and a relative humidity of ~35%. Clearly, these nanodomain arrays
have successfully survived.

In addition, we have performed the thermal stability test. The sample is heated from room
temperature to 100°C in air at a rate of 5 °C/min. Then, it is maintained at 100°C for 40 minutes
before being cooled down naturally to room temperature in air. As shown in Fig. 5, the domain
dots generally shrink and the small ones completely disappear. In comparison, the periodic
domain lines present much better stability. The periodicity is well preserved and the domain
linewidth is slightly reduced. The improved stability of the domain lines can be attributed to the
reduced surface energy and depolarizing energy [35,38].
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Fig. 5. The thermal stability test. (a) and (b) show the original domain dots and periodic
domains. (c) and (d) present the results after thermal treatment.

4. Conclusion

In summary, we have demonstrated the fabrications of LNOI nanodomain dots, lines, and arrays
with sub-100 nm feature size and good stability. PFM tip poling technique has been proven
capable of maskless printing LNOI domains with ultrahigh resolution. Although it is difficult to
fabricate large-area domain structures, PEM tip poling is useful in the fabrication of periodically
poled LNOI micro-resonators for on-chip applications. In this work, the poling parameters
including bias voltage and scanning speed are carefully optimized to approach the experimental
limit of our system (~50 nm). To further reduce the nanodomain size while keeping it stable, one
may optimize the tip profile to better control the electric field.
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