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Abstract: We proposed a two-step poling technique to fabricate nanoscale domains based on the
anti-parallel polarization reversal effect in lithium niobate on insulator (LNOI). The anti-parallel
polarization reversal is observed when lithium niobate thin film in LNOI is poled by applying a
high voltage pulse through the conductive probe tip of atomic force microscope, which generates a
donut-shaped domain structure with its domain polarization at the center being anti-parallel to the
poling field. The donut-shaped domain is unstable and decays with a time scale of hours. With the
two-step poling technique, the polarization of the donut-shaped domain can be reversed entirely,
producing a stable dot domain with a size of tens of nanometers. Dot domains with diameter of
the order of ∼30 nm were fabricated through the two-step poling technique. The results may be
beneficial to domain-based applications such as ferroelectric domain memory.
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1. Introduction

Lithium niobate (LiNbO3) is a kind of versatile ferroelectric material, and has been intensively
investigated due to its excellent electro-optic [1,2], acousto-optic [3], nonlinear optic [4–7] properties
and possible applications on integrated optics [8] and nonvolatile ferroelectric domain memories [9,10].
Recently, lithium niobate on insulator (denoted as LNOI) [11,12], has attracted much attention because
of its potential applications in integrated photonic devices. The domain reversal of lithium niobate
films can be achieved by applying a voltage on the conductive probe tip of atomic force microscope
(AFM) [13–16]. As the magnitude and temporal duration of the AFM tip voltage can be controlled
precisely to fabricate domain structures with nanoscale position and size precision, domain reversal
with an AFM tip voltage is now widely employed in ferroelectric thin films, enabling precise control
on the shape and size of the written domains.

Recently, various novel LNOI-based optical elements have been reported, such as electro-optic
modulator [17], high-Q microresonators [18], photonic crystals [19,20], ridge waveguides [21] and
hybrid lightwave circuits [22]. Besides, another prospective application of LiNbO3 films is nonvolatile
ferroelectric domain memories, which stores information based on the polarity of ferroelectric domain.
By applying an external electric field, the domain polarization can be switched between two stable
states, representing the “1” and “0” bits respectively in binary data storage.

However, several groups have reported an anti-parallel polarization reversal or an anomalous
domain inversion effect in various ferroelectric thin films, including BaTiO3 [23], PZT [24–26],
LiTaO3 [27,28], and LiNbO3 [14,29–32], and so on. The phenomenon is observed when a ferroelectric
film is poled by a large electric field applied to a conductive tip of AFM. The domain polarization
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right beneath the tip apex is aligned anti-parallel to the external poling electric field, while the domain
polarization of surrounding area is aligned parallel to the external poling electric field, therefore,
forming a donut-shaped domain pattern. Obviously, such anti-parallel polarization reversal would
have a detrimental effect on ferroelectric domain-based applications such as ferroelectric domain
memories, which will give wrong information during the readout [33–36]. In this paper, we proposed a
simple two-step poling method to eliminate the anti-parallel polarization reversal, therefore, to generate
a stable nanoscale domain element with a uniform polarization distribution within the domain element
in LNOI using AFM-tip-based poling technique.

2. Materials and Experimental Setup

Figure 1 shows the schematic diagram of the experimental setup and the layered structure of the
LNOI sample used in the experiments. Here, the LNOI sample, from top to bottom, was composed
of a +Z-cut ion-sliced LiNbO3 thin film (700 nm thick), a Cr thin film (140 nm thick) as an electrode,
a SiO2 layer (2 µm thick), and a LiNbO3 substrate (500 µm thick), which were layered and bonded one
to another in sequence. An MFP-3D Infinity atomic force microscope (Asylum Research, Goleta, CA,
USA) was employed to fabricate and characterize the domain structures in LNOI. The polarization of
the top surface LiNbO3 thin film could be reversed by applying a pulsed square-wave voltage UDC
through the AFM conductive probe tip, as shown in Figure 1, in which the Cr layer was grounded.
Then the piezoresponse force microscope (PFM) was employed to visualize the domain distribution
with a nanoscale spatial resolution. Here, the tip radius R of the pt-coated Si probe was 20 nm and the
resonance frequency f of the pt-coated Si probe was 100 kHz, respectively.

500 μm thick LiNbO
3
 substrate

700 nm thick LiNbO
3
 film

2 μm thick SiO₂ layer

140 nm thick Cr layer

U
DC

Figure 1. Schematic diagram of the LNOI structure and the domain poling in LNOI with an AFM tip
voltage UDC.

3. Results

For a dot domain written by the AFM tip, its size increases with the magnitude UDC and pulse
duration tp of the applied tip voltage [13,16,37]. Therefore, a smaller UDC and a shorter tp would
produce a smaller dot domain, corresponding to a higher data storage density for ferroelectric domain
memory. Unfortunately, as several groups reported previously [23,25,31,32], in the case with a short
pulse duration tp, although the size of the whole domain will be small, it is possible that the domain
polarization just beneath the tip apex is anti-parallel to the poling field, resulting in a donut-shaped
domain pattern composed of an outer ring domain and an inner circular domain, as shown in
Figure 2a, where the polarization of the outer bright white ring domain is parallel to the poling
field, while the polarization of the inner orange circular domain is anti-parallel to the poling field,
that is, the polarization of the inner domain was backswitched and parallel to the virgin polarization
of lithium niobate thin film. It was observed that the area of the backswitched inner circular domain
A decreases with the increase of both UDC and tp, as shown in Figure 2b,c, respectively, and finally
the inner domain disappears. These tendencies are in accordance with those reported previously [30].
However, the size of the whole donut-shaped domain will be larger with a larger UDC and a longer tp,
which is not favorable for applications such as domain data storage. In addition, the donut-shaped
domain was found to be unstable and it decayed with a time scale of hours, similar to that reported by
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Shao et al. [38]. Surely, such unstable donut-shaped domain pattern is detrimental for applications
such as ferroelectric domain memories.

(a) (b) (c)

Figure 2. (a) is the PFM image of a donut-shaped domain produced with an AFM tip voltage of
UDC = 40 V and tp = 1 s. (b,c) depict the dependence of the inner domain area A on the magnitude
UDC and the pulse duration tp of the tip voltage, respectively. The corresponding pulse duration and
magnitude of the tip voltage were set to be tp = 1 s in (b) and UDC = 40 V in (c), respectively. Scale bar:
100 nm.

We demonstrated a simple two-step poling technique to eliminate the inner domain while keeping
the shape and size of the whole domain unchanged. After the above-described step-1 poling process,
a donut-shaped domain was generated, then one applied another poling field on the AFM tip exactly at
the same position as that in the step-1 poling stage but with opposite field polarity, this was the step-2
poling stage. With an appropriate magnitude UDC2 and pulse duration tp2 of the step-2 poling field,
the central inner domain will disappear while keeping the whole domain shape and size unchanged.
Figure 3 shows the typical PFM images of the generated domains after the step-1 poling (a) and
the step-2 poling (b), respectively. Here the donut-shaped domain in Figure 3a was produced with
a step-1 poling field of UDC1 = 40 V and tp1 = 1 s, and the magnitude and pulse duration of the
step-2 poling field was UDC2 = −55 V and tp2 = 1 ms, respectively. One sees from Figure 3b that
the inner circular domain in Figure 3a disappears while the shape and size of whole domain is kept
unchanged. Moreover, the uniform domain produced after the step-2 poling stage was found to be
stable temporally, and no observable decay was detected after a 3-day period.

(a) (b)

Figure 3. Typical PFM images for domains after the step-1 poling (a) and the step-2 poling (b),
respectively. The magnitude and pulse duration of the poling fields were UDC1 = 40 V, tp1 = 1 s for the
step-1 poling, and UDC2 = −55 V, tp2 = 1 ms for the step-2 poling, respectively. Scale bar: 100 nm.

We also studied the effect of magnitude and pulse duration of the step-2 poling field on the
reversal efficiency of the inner circular domain. In the experiments, firstly we produced a set of
donut-shaped domains with a step-1 poling field of UDC1 = 40 V and tp1 = 1 s, the PFM images of these
donut-shaped domains are shown in Figures 4a–c and 5a–c, respectively. Then we loaded the step-2
poling field with different magnitude UDC2 but of a fixed pulse duration tp2 = 1 ms, or with different
pulse duration tp2 but of the same magnitude UDC2 = −52 V. The typical PFM images of the resulting
domain structures are shown in Figures 4 and 5, respectively. Here Figure 4d–f are the cases with
UDC2 = −51 V, −52 V and −100 V, respectively, while Figure 5d–f show the results with tp2 = 0.8 ms,
1 ms and 16 ms, respectively. One sees that the domain reversal efficiency of inner domain increases
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with the increase of both UDC2 in Figure 4 and tp2 in Figure 5. The anti-parallel polarization of the
inner domain are fully reversed at a critical magnitude UDC2 = −52 V in Figure 4 or at a critical pulse
duration tp2 = 1 ms in Figure 5. Furthermore, with a larger magnitude or a longer pulse duration of
the step-2 poling field, the whole donut-shaped domain will be reversed entirely, resulting in a stable
single circular domain with a size of tens of nanometers at the center of the original donut-shaped
domain. The diameters of the dot domains in Figures 4f and 5f were measured to be 48 nm and 34 nm,
respectively, which is similar to those nano-domains fabricated in LNOI in Refs. [14,16,31,32] and on
the surface of the He-irradiated lithium niobate crystals in Ref. [39]. This may provide an effective
way to produce nano-scale circular domain, which may be beneficial to high density ferroelectric
domain memory. Note that the poling parameters such as UDC1 and UDC2 in both poling steps are
dependent on the film thickness. In general, the thicker the film is, the larger the poling voltage should
be. In addition, one may also note that, when the nano-domains are writen in series and the distance
between neighboring nano-domains is close enough to each other, the subsequently applied poling
field may destroy the neighboring nano-domain, therefore, it may become an obstacle to improve the
storage density of domain memory. This problem can be partially solved if the nano-domains are
written in parallel using this two-step poling technique with an array of AFM tip, that is, one writes
a block of nano-domains in parallel with high domain density, but prepares different nano-domain
blocks in series while keeping enough space between nearby nano-domain blocks.

(a) (b) (c)

(d) (e) (f)

Figure 4. (a–c) The PFM images of donut-shaped domains fabricated with the same step-1 poling field
of UDC1 = 40 V and tp1 = 1 s. (d–f) The corresponding PFM images of domain structures after the
step-2 poling with different field magnitude UDC2 =−51 V, −52 V and −100 V, respectively. The pulse
duration of the step-2 poling field was set to be tp2 = 1 ms. Scale bar: 100 nm.

(a) (b) (c)

(d) (e) (f)

Figure 5. (a–c) The PFM images of the donut-shaped domains fabricated with the same step-1 poling
field of UDC1 = 40 V and tp1 = 1 s. (d–f) The corresponding PFM images of domain structures after the
step-2 poling with different pulse duration tp2 = 0.8 ms, 1 ms and 16 ms, respectively. The magnitude
of the step-2 poling field was set to be UDC2 = −52 V. Scale bar: 100 nm.
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4. Discussion

It was reported that the domain poling in LiNbO3 is asymmetric with respect to the crystalline
spontaneous polarization, and the coercive field for the forward poling is larger than that of the
backward poling, indicating the existence of an internal depolarization field that is antiparallel to
the poling field during the forward poling [40,41]. This internal depolarization field is related to the
nonstoichiometric defects and relaxes very slowly because it cannot be compensated by the surface
charges, and it may result in backswitching effect during the domain poling process under certain
conditions [41,42]. Also, charges will be injected into lithium niobate thin film just beneath the
AFM tip apex when a strong field is applied through the AFM tip [29,31]. These injected charges
will also generate an electric field anti-parallel to the poling field when the AFM tip voltage is
removed. On the other hand, the injected charges provide an effective charge compensation for the
internal depolarization field, resulting in a reduction of the internal depolarization field as well as the
injection-charge-induced electric field. It is the combined action of the internal depolarization field
and the injection-charge-induced electric field that result in the observed inner circular domain with
its polarization anti-parallel to the poling field. This combined depolarization field decreases with the
increase of the injected charge quantity due to the charge compensation process, therefore, the inner
domain area decreases with the increase of the magnitude and pulse duration of the step-1 poling field,
as shown in Figure 2b,c. In the case when the donut-shaped domain structure is generated after the
step-1 poling, and then one loads the step-2 poling field on the inner domain, which is of opposite
direction with respect to the step-1 poling field. In this case, the injection-charge-induced field due to
the step-2 poling field will reverse its polarity and the inner domain polarization is reversed, as shown
in Figures 4e and 5e. It is evident that the injected charge quantity required to reverse the inner domain
polarization, which is proportional to the magnitude-pulse-duration product of the step-2 poling field,
should increase monotonously with the inner domain area A. This was confirmed experimentally,
as shown in Figure 6, where the product

∣∣UDC2tp2
∣∣ was the value when the inner domain was just

reversed entirely. For convenience, we set the tp2 = 1 ms and varied the field magnitude UDC2 for the
data in Figure 6. Similar result was also obtained for the case when one fixed UDC2 while varying
tp2. Obviously, the outer ring domain will be backswitched and disappear finally if the step-2 poling
field is stronger than the coercive field, and only a bright circular inner domain remains due to the
anti-parallel polarization reversal effect.

Figure 6. Measured dependence of the product
∣∣UDC2tp2

∣∣ on the inner domain area A.
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5. Conclusions

In summary, we demonstrated that a donut-shaped domain would be generated due to the
anti-parallel polarization reversal effect in LNOI under the action of an AFM tip poling field.
We proposed a two-step poling technique to reverse the polarization of the inner domain of the
donut-shaped domain. Furthermore, it is possible to fabricate a stable circular domain with a size
of tens of nanometers through this two-step poling technique based on the anti-parallel polarization
reversal effect, and dot domain with diameter ∼30 nm was produced. This technique may be beneficial
to domain-based applications such as ferroelectric domain memory.
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