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ABSTRACT: We experimentally demonstrate practical ap-
proaches to enhance second-harmonic (SH) generation in
individual lithium niobate nanowires (NWs) with a sub-
micrometer cross-section and length up to tens of micro-
meters. We establish that parametric interactions of guided
modes propagating along the NW determine the SH output
power, which can be therefore controlled by the NW length.
We show that the SH power is increased by about 84 times at
wavelengths corresponding to modal phase-matching. Im-
portantly, at non-phase-matched wavelengths the SH power
can be improved by a factor of up to 9.3 by adjusting the NW
length with a focused ion beam. We also characterize SH
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emission directionality, which can be further tailored for applications in integrated optical circuits and nonlinear microscopy.
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he ability of nanowires (NWs) to guide light makes them
valuable for miniaturizing optical devices and developing
sophisticated nanoscale applications. For instance, NWs can be
used for transporting light within an optical chip,"* for
providing laser irradiation,>™ and for localized imaging.6
However, the NW applications can be further developed if
the wave-guiding properties of NWs are combined with
nonlinear optics effects, such as second-harmonic generation
(SHG) or sum-frequency generation. Indeed, the NWs made
from nonlinear material have already been applied as nonlinear
optical sources’” and subwavelength microscopy probes.'’
Along with widely studied semiconductor NWs,"'~** chemi-
cally synthesized'* and lithographically fabricated'® lithium
niobate (LINbO;) NWs have been shown to generate and
guide the second-harmonic (SH). In addition, we have also
demonstrated efficient dye excitation with the guided SH in
LiNbO; NWs.'* However, the small size of NWs limits the
SHG efficiency due to its quadratic dependence on volume.'®"”
Consequently, optimization of the SHG efliciency is necessary
to obtain powerful nanoscale devices. To increase the SH
signal, one can apply plasmonic resonances'® " or phase-
matching.*'~>* The first method is applied to subwavelength
nanoscale structures, where phase-matching does not take place
but the SH intensity is still low due to small material
volume.'®'” The second one is well known for bulk material
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and has been the focus of many research works to develop
waveguides,”*>* optical parametric oscillators,>*>” and reso-
nators® in LiNbOj crystals. The phase-matching effect is
widely studied in large waveguides with typical cross-sections of
several micrometers.”* Nevertheless, it has not been studied
experimentally in NWs with cross-sections of hundreds of
nanometers, which is the typical size of future devices for
integrated optics.””

In this work, we study LiNbO; NWs that are produced
through a top-down fabrication method with typical cross-
section dimensions of 550 X 780 nm* and lengths up to 52 ym.
We will use modal phase-matching to demonstrate the origin of
the SH signal and consolidate our results with corresponding
simulations. We will also show that different guided SH modes
scatter differently out of the NW, and this has consequences on
the directionality of the light for further applications. Finally, we
will show that we can control and increase the non-phase-
matched SHG by optimizing the NW length with focused-ion-
beam (FIB) milling.

The LINbO; NWs are fabricated with a top-down method
called ion-beam enhanced etching.">** This method employs
argon and helium ion irradiation to amorphize specified regions
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of an x-cut LINbO; wafer both on the surface and in depth. The
amorphized wafer regions lose chemical stability and are
removed by wet etching in hydrofluoric acid. As a result, we
obtain free-lying LINbO; NWs on the crystal substrate. The
NWs keep the crystal structure of the wafer. Thus, crystal axes
are parallel to the geometrical axes of a NW as shown in the
inset of Figure 1.

LiNbO3 nanowire

20 um

Figure 1. SEM image of an individual LINbO; NW on an ITO-coated
glass slide. The NW is brought close to the edge of the substrate so
that one of its ends is suspended in air. Inset: Crystal structure of the
LiNbO, NW.

For the experiment, we transfer a NW off the substrate onto
a glass slide with an indium tin oxide coating by means of a
micromanipulator in a scanning electron microscope (SEM).
We position the NW so that its output facet protrudes from the
glass slide’s edge by about 3.4 ym (Figure 1). Such positioning
of the NW enables imaging of the NW output facet with a long
working distance objective. We find it important to mention
that both NW facets are cut perpendicularly to the NW length
with a FIB. The values of the NW’s height of 541 + 27 nm,
width of 778 + 38 nm, and length of 52 + 2 ym are obtained
by an SEM. The inaccuracy is caused by the resolution and
contrast limits of the SEM images.

We use a Ti:sapphire laser source with a pulse repetition rate
of 80 MHz and a pulse duration of 295 fs at the central
wavelength of 820 nm. The experimental setup consists of
focusing and detecting parts (Figure 2a). The focusing part
includes a half-wave plate to rotate the linear polarization, a
20X objective to focus the laser beam onto an end of a NW
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Figure 2. (a) Schematics of the used experimental setup with both the
collinear and perpendicular detection configurations. (b) Typical SH
response of a LiNbO; NW collected in the perpendicular
configuration. The SH at the illuminated facet is generated by the
focused laser beam. The signal at the opposite NW end is the guided
SH. (c) Image of the guided SH obtained in the collinear
configuration.
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perpendicularly to the sample plane, and a 3D translation stage
to optimize the NW position within the beamspot. The
detecting part consists of a 100X objective (with a numerical
aperture of 0.75 and working distance of 4 mm), a lens, and an
electron-multiplying charge-coupled-device (EMCCD) camera.

The detecting part can be positioned either collinearly or
perpendicularly to the NW. In the perpendicular configuration,
the detecting part is placed at 90° with respect to the NW and
is imaging the whole NW (Figure 2b). In the collinear
configuration, the detecting part is in line with the NW and is
imaging its output facet (Figure 2¢). Using both configurations
allows us to study the spatial distribution of the guided SH
signal.

To detect the SH response, we focus the laser beam on a
NW facet and filter out the laser light with a bandpass filter at
the camera position. In Figure 2b, we show a typical SH
response of a NW. The SH at the illuminated facet is generated
by the focused laser beam. The signal at the opposite NW end
is the SH that is guided inside the NW. Even though we have
already demonstrated that the generated SH can be guided in
LiNbO; NWs,' it is not clear where exactly in the NW the
SHG process takes place. On one hand, the guided SH may be
a fraction of the SH light that is generated by the incident laser
beam at the NW input facet and scattered into the SH
waveguide modes. On the other hand, the incident laser light
may be scattered into the guided modes of a so-called
fundamental harmonic (FH) that generates the SH inside the
NW. By clearing up this point, we will be able to control and
increase the SHG efficiency in NWs.

Aiming to determine the origin of the guided SH, we check
the dependence of the guided SH power on the laser
wavelength. For this purpose, we change the central wavelength
from 780 nm up to 920 nm with a 5 nm step and measure the
guided SH power. In addition, the measurement is performed
in both collinear and perpendicular detecting configurations to
study the spatial distribution of the guided SH. The average
laser power was kept at 3.4 mW at the sample position, and the
laser beamspot diameter at focus was about 1.2 ym. The laser
polarization was set to 20° with respect to the nanowire length
throughout the experiments in both configurations. At this
polarization, the guided SH power was maximal. However, the
polarization at which the maximum SH signal is obtained varies
for each NW probably because of the shape and size of the NW
input facet.

Figure 3 displays the guided SH power versus the incident
laser wavelength for collinear and perpendicular collection
configurations. Both plots reveal several peaks with enhance-
ment factors up to 84 and 48 for collinear and perpendicular
configurations, respectively. These peaks follow the shape of a
sinc function and, therefore, indicate the phase-matching
mechanism."® In NWs, the phase-matching mechanism matches
effective refractive indices of the guided FH and SH modes.
Thus, the observed peaks in Figure 3 indicate the presence of
the guided modes. It allows us to conclude that the guided SH
is not the scattered SH from the input, but it is excited by the
FH guided modes of the laser light inside the NW. In addition,
the presence of multiple peaks indicates phase-matching of
multiple pairs of the FH and SH guided modes. Thus, the NWs
give more freedom in choosing a wavelength for phase-
matching without any need for other tuning mechanisms such
as temperature tuning.16

Comparing both curves in Figure 3, one can also see
differences in the guided SH power values collected in both
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Figure 3. Guided SH power collected in the collinear (blue circles)
and perpendicular (red squares) detecting configurations versus the
incident laser wavelength. The dashed lines are included to guide the

eye.

detecting configurations. First, the SH power in the
perpendicular configuration (red squares) exceeds the SH
power in the collinear one (blue circles) by 14.5 times at A =
800 nm, by 100 times at A = 855 nm, and by 91 times at 1 =
900 nm. Second, the relative heights of the peaks vary when the
detecting configuration is changed. When the guided SH is
collected in the collinear configuration (blue circles), the peak
at A = 800 nm is dominant and the peak at A = 900 nm is
almost nondistinguishable. In turn, when the guided SH is
collected in the perpendicular configuration (red squares), all
three peaks are more pronounced and the dominant peak is at 4
= 855 nm.

The fact that more light is collected in the perpendicular
configuration means that the guided SH is not preferably
scattered along the NW length but at a certain angle. Moreover,
the change of the relative heights points out that the scattering
angle varies for each guided mode. These observations may be
caused by a difference in effective refractive indices and the field
distributions of the corresponding modes. Besides the differ-
ence in the scattering of modes, the shape of the output facet
may also influence the scattering direction and distribution of
the scattered light. Therefore, we expect that one can engineer a
specific radiation pattern of the guided light distribution by
modifying the NW output facet®" and exciting specific guided
modes.'” It may complement NW imaging applications®'*'* by
defining the area to be irradiated with the guided SH signal.

To confirm theoretically phase-matching in the studied
LiINbO; NW, we have simulated the processes of waveguiding
and SHG in the NW.'*** The performed simulation finds three
FH and 30 SH guided modes and their effective refractive
indices using the COMSOL software. Then, we find the
conversion efficiency between each FH and SH mode and sum
up the conversion efficiencies of all mode pairs to find the total
response (see the Supporting Information). For the simulation,
we use a LINbO; crystal’s wavelength-dependent refractive
index tensor at the temperature of 23 °C from ref 33, the
second-order susceptibility tensor from ref 16, and the crystal
structure as shown in the inset of Figure 1. Since the SEM
measurement of the studied NW contains an uncertainty, we
have performed simulations for several values of width and
height within the uncertainty range and a NW length of 52 ym.
The simulation shows the best match with the experiment at a
height of 560 nm and width of 778 nm. However, the
experiment and simulation curves that are plotted in Figure 4
still have a slight lateral discrepancy. One of the possible
reasons for the observed discrepancy may be the high order of
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Figure 4. Experiment (red squares) and the simulation results for a
NW with a height of 560 nm and width of 778 nm (blue solid curve).
The dashed line is added to guide the eye. The simulation curve
includes contributions from the first three FH modes and 30 SH
modes. The contributions of only three mode pairs are relevant since
the other mode pairs show low conversion efliciency.

the involved guided SH modes. Such modes have a large part of
their intensity profile outside the NW,** and, thus, their
effective refractive index may be modified by the NW surface
imperfection. Indeed, according to the simulation results, the
peak at A = 802 nm is created by the first FH and 17th SH
modes, the peak at 4 = 846 nm is created by the third FH and
23th SH modes, and the peak at A = 900 nm is created by the
second FH and 1Sth SH modes (see the Supporting
Information). Note that, due to resolution limits, we cannot
resolve the mode pattern, and, therefore, Figure 2c displays a
single spot.

In addition, in the model, we have taken into account
nonuniform coupling of the laser light into various FH modes.
Thus, in the simulation, we have also varied contribution
weights of the FH modes to match the heights of the measured
and calculated peaks in Figure 4. Nevertheless, we also expect
that the height of a specific peak can be increased by coupling
more power into the corresponding FH mode. It can be
achieved by changing coupling conditions such as shaping the
input facet or changing incident laser polarization.'>

However, at most wavelengths, a NW does not provide any
phase-matching of mode pairs of the FH and SH. But it may
still provide a mode pair with a high power conversion
efficiency that will still contribute significantly to the SHG
process inside the NW despite their phase-mismatching.

As an example, we show in Figure 5 the calculated
contribution of the first and second FH modes at a wavelength
of 820 nm to the SH while being guided inside a NW. In the
calculation, we set the NW height, width, and length to 510 nm,
728 nm, and 34 pum, respectively. Both plotted curves in Figure
S reveal periodic oscillations of the guided SH power along the
NW length. These oscillations come from alternating
conversion and back-conversion of the SH. Thus, the oscillation
period depends on the mismatch of the refractive indices of the
FH and SH mode pairs, and the oscillation depth depends on
the conversion efficiency of the corresponding FH and SH
mode pairs.'® Therefore, a careful design of the NW length can
yield a significant increase of the guided SH power at the
output of the NW. In this particular case, the simulation
predicts an increase of the guided SH power up to a factor of
6.5 for the first FH mode and of 9.5 for the second FH mode.

Since the overall oscillation period is in a micrometer range,
the NW length can be optimized by means of FIB milling. In
the following experiment, we demonstrate the possibility of
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Figure 5. Calculated contribution of the first FH (blue dashed line)
and second FH (red solid line) modes to the guided SH power versus
NW length. The curves plot the contributions of the first and second
FH modes to the SHG process by interacting with 35 SH modes. The
total contribution is found by summing up the contribution of each
pair of FH and SH modes.

controlling the guided SH power by cutting the NW length
with a FIB. For the experiment, we used a NW with a height of
728 + 36 nm, width of 510 + 26 nm, and initial length of 34.8
pum as in the simulations of Figure 5. We shortened the NW
length in several steps down to 23.6 pum. After each milling
procedure, we measured the power of the guided SH. We plot
the SH power measured at varied NW length in Figure 6. The
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Figure 6. Power of the guided SH versus the NW length after different
cuts along the same NW. The dashed line is included to guide the eye.

NW length to be cut varied between 0.61 and 6 ym. Since the
output facet shape may have an influence on the guided SH, the
facet was cut perpendicularly to the NW length each time to
ensure the same light distribution of the guided signal. The
laser wavelength was 820 nm, the diameter of the laser
beamspot was 4 pm, and the incident laser power was 10 mW
at the sample position. The laser polarization was set to 154°
with respect to the NW length. For the experiment, we used the
perpendicular detecting configuration.

Figure 6 shows that the NW length influences strongly the
guided SH power. Thus, after shortening the NW length from
34.8 ym down to 23.6 um, the guided SH power has increased
9.3 times, which corresponds to the calculations in Figure S.
However, the horizontal position of the oscillation may not fit
the experimental data due to the uncertainty of the measure-
ments of the NW cross-section. Therefore, some measured
power values might be higher or lower than the simulation.

In order to experimentally maximize the SH power at the
output of a given NW by cutting it to the optimal length, one
has to precisely determine the position of the NW at which the
guided SH is the strongest. This task can be performed by
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sensing the near-field of the guided SH light along the NW by
means of a scanning near-field optical microscope.>”

In conclusion, we have studied the generation and guiding of
the SH in LiNbO; NWs. We have demonstrated modal phase-
matching in these NWs. This fact proves that the guided SH is
generated by the FH guided modes inside the NWs.
Importantly, we have also shown that the guided SH power
can be changed by modifying the NW length.

In addition, we have studied the spatial distribution of the
guided SH intensity after coupling out of the output facet. We
have observed that the guided SH modes do not necessarily
scatter along the NW optical axis; instead different guided SH
modes show different scattering directions.

With this work, we have shown that enhancing the nonlinear
optical signal generated in LINbO; NWs is possible either by
modal phase-matching or by engineering their length. This is
essential for developing efficient miniaturized devices for
localized imaging, optical sensing, light transfer, or building
blocks for integrated optics.
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