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Tip-Enhanced Second Harmonic Generation
From a Single NaNbO3; Nanocrystal

Gengxu Chen, E. Wu, Chengjie Ding, Quanlan Xiao, Xueting Ci, Yan Liu, Youying Rong, Botao Wu,
Jianrong Qiu, and Heping Zeng

Abstract—We demonstrated the enhanced second harmonic gen-
eration (SHG) from a single sodium niobate (NaNbO3 ) nanocrystal
by approaching a metal tip on top of it. By scanning a laser-focused
NaNbOj; nanocrystal with a gold-coated tip, the mapping of the en-
hanced SHG from the nanocrystal was obtained. We observed that
the SHG of the single NaNbO3 nanocrystal was strongly enhanced
with the gold-coated tip on the top of it. And the enhancement
factor showed strong dependence on the excitation polarization
and the excitation power. An over 12-fold tip enhancement was
observed when the excitation power was 12 mW.

Index Terms—Second harmonic generation (SHG), single
sodium niobate (NaNbO3) nanocrystal, tip enhancement, polar-
ization dependence, power dependence.

1. INTRODUCTION

ECOND harmonic generation (SHG) microscopy, based on
S nonlinear process, is recently considered as an promising
technique for the applications in biolabeling [1]-[4], bioimaging
[5]-[7], inorganic material characterization [8]-[10] and so on
at the submicrometric scale or even nanoscale. Compared to the
two-photon excitation fluorescence that loses energy during the
relaxation of the excited states, the SHG photons have exactly
half the wavelength of the incident light entering the nonlinear
x? media, which is an energy-conserving two-photon process.
Nanoscale optical nonlinear properties of different materials
such as KTiOPO, and Fe(103); have been recently investigated
[11], [12]. They show perfect photostability and non-blinking
behavior, which are the key properties for the SHG microscopy
applications like long-term cellular imaging [13]. Compared to
a fluorescent-based biolabel, there’s no photobleaching or satu-
ration effect on the emission rate of second-harmonic photons
for the reason that the nonlinear interaction doesn’t involve ex-
cited state populations [7]. The SHG intensity from the nonlinear
nanocrystals is technically only limited by the damage threshold
of the hosting environment.
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Generally, strong electromagnetic field is required for non-
linear optical process due to the fact that the high order polar-
ization tensor is much smaller than the first order. Fortunately,
plasmonic effect can lead to strong localized electromagnetic
fields by coupling to incident light, resulting in higher effective
nonlinearities of the metal itself or the surrounding dielectric
material [ 14]-[20]. Metallic nano/micro materials and structures
are usually designed and used for producing the plasmonic ef-
fects. Among all of them, the metal tip is outstandingly noted for
enhancing the photoluminescence or the Raman signals [21]-
[25]. A highly localized electromagnetic field can be generated
at the metal tip because of the plasmonic oscillation. Therefore,
the strengthened field at the tip boosts the excitation rate that
corresponds to an enhanced excitation density provided by the
light source, which improves the effective optical response in
the nonlinear process.

In this paper, we demonstrated tip-enhanced SHG from a sin-
gle nonlinear optical nanocrystal of sodium niobate (NaNbO3),
which would be a potential technique for imaging based on
SHG microscopy and tip enhancement effect. By investigat-
ing the optical properties of the tip-enhanced SHG from the
NaNbOj3 nanocrystal, we observed that the tip enhancement fac-
tor exhibited strong dependence on the excitation fundamental
wave polarization and power. In addition, there existed plas-
monic enhancement effect on both the fundamental wave and
the SHG, which interplayed delicatly resulting in the total tip-
enhancement. But the dominant one was changing dependent on
the excitation power. An over 12-fold enhancment was obtained
at the excitation power of 12 mW.

II. EXPERIMENTAL SETUP

NaNbOs, which is environmentally friendly, is regarded as
a promising lead-free piezoelectric and photocatalytic material
[26], [27]. In addition, as a nonlinear optical material [28], it
is currently attracting much interest in both scientific and engi-
neering. The NaNbOj3 nanocrystals in this work were produced
by a two-step hydrothermal method [29]-[31]. Firstly, KNbOg
nanoparticles were prepared by hydrothermal method. As the
raw materials for the next step, the KNbO3 nanoparticles were
added with NaOH aqueous solution. Then the hydrothermal
method was applied again to the solution. Finally, the NaNbOj3
nanoparticles were obtained. Fig. 1(a) shows X-ray diffrac-
tion (XRD) patterns of the synthesized NaNbO3 nanocrystal
samples. From Fig. 1(a), it can be observed that all diffraction
peaks are assigned as a pure cubic phase structure (JCPDS No.
75-2102, space group: Pm — 3m, a =b = c = 0.3906 nm).
And it was also proved by the corresponding scanning electron
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Fig. 1. (a) XRD patterns of the synthesized NaNbO3 nanocrystals, indicating

a cubic phase structure (JCPDS No. 75-2102). (b) SEM image of a typical single
NaNbOs3 nanocrystal, which showed obviously a cubic structure. Scale bar is
300 nm.

microscope (SEM) image. As shown in the SEM image in
Fig. 1(b), the size of the cubic NaNbO3 nanocrystal was about
few hundreds of nanometers.

For cubic phase NaNbOs, its structure exhibits a complicated
three-dimensional (3D) network composed of NbOg distorted
polyhedra. The Nb-Oy (3 3 4,5 6) distances of 1.9530A are all the
same in a NbOg octahedron with a symmetrical center, then
further interconnecting into a 3D framework [32, Fig. 2]. The
bandgap of the NaNbOj is 3.25 eV. And the NaNbOj crystal is
transparent in the visible and infrared regime [33]. For nonlinear
optical applications, it initially appears irrational to use cubic
phase NaNbOj3 due to its centrosymmetric crystal structure.
SHG activity is strictly forbidden by symmetry. However, the
SHG of the cubic phase NaNbOs3 nanocrystals is still observed.
The inversion symmetry may be broken at the surface of the
nanocrystals [34], which arouse the SHG in the cubic phase
NaNbOj. Therefore, the nonlinear optical response of the cubic
phase NaNbO3 nanocrystal could be described by a nonlinear
source polarization:

PP w) = oY P LEW)LW)LW) : EWEW) 1)

where 7&2) denotes the surface nonlinear susceptibility tensor
with the components 7£2>Lu 7221“ , Yizﬁﬂl. L(w) and L(2w)
are the local-field correction factors #or the pump and generated
optical fields F(w) and F)(2w), respectively [35].

After the synthesis procedure, the NaNbO3 nanocrystals were
dispersed in ethanol (99.7% purity) with a concentration of
about 0.25 mg/ml. In order to homogenize the solution, we put
it in the ultrasonic bath for 10 min. 50 uL of the solution was
dropped on a clean coverslip with roughness of 1-2 nm for
spin coating. Then we got a sample with an average distribution
density of NaNbO3 about 0.01/m? on the coverslip.

We studied the SHG of NaNbO3 nanocrystals by a combined
system of a scanning confocal microscope and an atomic force
microscope (AFM). As illustrated schematically in Fig. 2(a),
a home-built Yb-doped pulsed fiber laser emitting at 1064 nm
with a repetition rate of 30 MHz and a pulse duration of 11 ps
was used as the excitation source. After a polarizer at the output
of the fiber laser, the excitation laser became a linear polarized
one. And with a half-wave plate following the polarizer, the po-
larization angle could be easily varied. Then the laser beam was
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Fig. 2. (a) Experimental schematic for tip-enhanced SHG from NaNbO3
nanocrystals. HWP1, halfwave plate at 1064 nm; HWP2: half wave plate at
532 nm; PBS, polarization beamsplitter; APD1/2, single photon detectors based
on Si-APDs for horizontal polarization (H-Pol) and vertical polarization (V-
Pol), respectively. (b) SHG image of a single NaNbOj crystal acquired with
the scanning confocal microscope. The laser scan area is 1.5 x 1.5 pm?.
(b) Topographic image of the same single NaNbOs3 crystal obtained by the
AFM. The AFM tip scan area is 1.5 x 1.5 um?.

focused on the coverslip by an oil-immersion objective (x 100,
N.A. = 1.40, oil immersion, UPlanSApo, Olympus). The beam
size at the focus was about 1 pm. The resultant SHG from the
single NaNbOg; nanocrystals was collected by the same micro-
scope objective. The SHG signal was filtered spectrally by a
dichroic mirror and a band-pass filter at 532 nm with bandwidth
of 3 nm. And the beam was also spatially filtered by a pin-
hole with diameter of 75 pm in a telescope system. The SHG
signals were finally detected by single-photon detectors based
on Si-avalanche photondiodes (APDs). In order to analyze the
polarization property of the SHG from the NaNbO; crystals,
a half-wave plate at 532 nm (HWP2) together with a polariza-
tion beamsplitter was set in front of the two orthogonal-aligned
APDs. The polarization state of the SHG could be checked
by continuously tuning HWP2. The sample of the coverslip
with NaNbOj3 nanocrystals was held on an x-y piezo stage. By
scanning the piezo stage, the confocal image of the single
NaNbOj; nanocrystal was obtained as shown in Fig. 2(b).

On the top of the scanning confocal microscope, an AFM
(NanoWizard II, JPK) was installed to acquire the surface to-
pograph of the nanocrystal. The tip used here for plasmonic
enhancement is made of silicon with a gold coating layer of
70-nm thickness (SI-AF01-A, SEIKO). It is shaped into a pyra-
mid structure of 12.5 pm height with a curvature radius of 30 nm
on the tip. The tip of the AFM was aligned coaxially with the
confocal microscope. Fig. 2(c) shows the topographic image of
the same single NaNbOj3 nanocrystal in Fig. 2(b). The shape of
the NaNbOs3 nanocrystal was a cubic of about 550 nm (long) x
500 nm (short) x 150 nm (high), in good agreement with the
SEM image.

And a spectrograph could be switched on to replace the single-
photon detectors to acquire the spectrum of the SHG photons.
Fig. 3 shows the spectrum of the SHG spectrum from the single
NaNbO; nanocrystal with excitation laser at 1064 nm as shown
in the inset of Fig. 3. The SHG wavelength was at 532 nm,
exactly half of the wavelength of the fundamental wave.
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Fig. 3.  Spectrum of the SHG from the single cubic NaNbO3 nanocrystal.
Inset: Excitation laser spectrum.

III. RESULTS AND DISCUSSIONS

Due to the possible SHG signal from the gold-coated tip itself
[35], we firstly checked the SHG response of the tip by remov-
ing the sample while scanning the tip at the laser focus area.
However, there was no distinguishable SHG response observed.
Considering the axial excitation and collinear axial detection in
our case, it was in agreement with results in the Ref. [35].

Besides, in order to verify if the tip was damaged, we ac-
quired a separate AFM image for each measured laser power
illumination, and check whether it was still same as that without
excitation. For avoiding the damage of the tip, we limited the
laser power to below 12 mW.

There exist symmetry selection rules for SHG scattering for
nanostructure. With different selection of excitation direction
and polarization, the polarizations of the SHG reveal diverse
contributions in various detection direction [35]. Thus it is nec-
essary to investigate the polarization properties of the SHG
signal.

Without the effect of the AFM tip, the polarization properties
of the SHG signal were recorded as a reference. The excitation
laser was kept at 10 mW. In order to investigate the effect of the
excitation polarization on the SHG, the HWP1 was tuned while
monitoring the SHG intensity on the two APDs. We defined
the vertical polarization as 0°, corresponding to the X-axis in
the confocal and AFM images in Fig. 2(b) and (c). The SHG
intensity on horizontal and vertical polarization components
together with the total intensity as functions of the excitation
polarization were recorded and shown in Fig. 4(a). With ro-
tation of the excitation polarization angle, the total intensity
of the SHG changed periodically. And the maximum or mini-
mum SHG intensities of the orthogonal polarization components
were acquired in the same excitation polarization, indicating that
the polarization angle of the SHG photons did not change with
the excitation polarization angle. The maximum SHG was ob-
tained when the excitation polarization angle was about 35°,
which was along the long edge of the nanocrystal cubic.

While fixing the excitation polarization angle at 35° to obtain
the maximum SHG signal, we tuned the HWP2 for analyzing
the polarization state of the SHG from the NaNbOj crystal. And
polarization angle was about 125°, which was orthogonal to the
excitation laser polarization, indicating a type I phase matching
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Fig. 4. Polarization dependence of the SHG from NaNbOs crystal. (a)

SHG intensity (black triangles) and its vertical polarization component (blue
rectangles), horizontal polarization component (red spots) as a function of
the excitation polarization angle with their sine fits. (b) Total SHG intensity
(black triangles) and its polarization property at excitation polarization angle
of 35°.
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Fig. 5. Tip-enhanced SHG from NaNbOj3 crystal. (a) A mapping image of

the SHG intensity dependent on the position of the gold tip. The AFM tip was
scanning line by line along the long edge of the NaNbO3 nanocrystal cubic. The
scan area is 1.5 x 1.5 ym?. (b) Enhanced SHG intensity (red spots) as a func-
tion of the excitation polarization angle with comparison of non-enhancement
(blue rectangles). (c) Vertical polarization component (blue rectangles) and hor-
izontal polarization component (red spots) of SHG intensity as a function of
the excitation polarization angle. (d) Enhanced SHG polarization property at
excitation polarization angle of 125°.

SHG process (0 + o—¢) was taking place in the nanocrystal. The
polarization contrast was about 0.535 by fitting the polarization
intensity with a sine-wave function.

In order to investigate the tip-enhancement of the SHG,
the gold-coated tip approached to the top of the nanocrystal
while the laser was focused on the center of the nanocrystal.
Since the size of the laser beam at the focus was much larger
than the nanocrystal, the whole nanocrystal was within the il-
lumination of the laser while the AFM tip was scanning the
surface. We monitored the SHG intensities on the two APDs.
Then we obtained the mapping of the SHG intensity dependent
on the position of the AFM tip as presented in Fig. 5(a). The
AFM tip was scanning line by line along the long edge of the
NaNbOj3 nanocrystal cubic. As the gold-coated tip was close to
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Fig. 6. (a) Enhanced SHG intensity (red spots) as a function of the excitation
power with comparison of non-enhancement (blue rectangles). (b) Enhancement
factor as a function of the excitation power.

the laser-focused area, the field enhancement was chiefly con-
fined to the vicinity of the gold-coated tip apex as a result, and
it rapidly decayed as the distance between the tip and the laser-
focused area. The tip-enhanced SHG mapping reproduced the
topographic image of the nanocrystal in Fig. 2(c). The SHG
mapping appeared bigger than the AFM image because the
height of the NaNbO3 nanocrystal was larger than the curvature
radius of the gold-coated tip and when the pyramid side of the tip
approached the vertical side of the nanocrystal cubic, SHG in-
tensity was also enhanced, leading to a stretching of the image.

The influences of the excitation polarization on the SHG en-
hancement were presented in Fig. 5(b). The excitation laser
power was still kept at 10 mW for comparison. With the AFM
tip on the nanocrystal, the SHG intensities were much enhanced
at all excitation polarization angles. But the enhancement factor
was not the same. When the excitation polarization was at about
125°, meaning along the short edge of the nanocrystal cubic, we
observed the maximum enhancement factor of 3.18 when the
gold-coated tip approached to the nanocrystal. Without the tip,
the intensity of the SHG was only 11 kcounts/s. With the tip ap-
proached, the SHG intensity increased to 35 kcounts/s. Fig. 5(c)
shows the polarization components variation with the excita-
tion polarization. Different from the SHG without enhancement,
when the excitation polarization was at 125°, the vertical polar-
ization component of the SHG was not the minimum. Instead,
it was much enhanced and contributed to the maximum en-
hancement factor, indicating that the enhancement factor was
not unique for different polarization components, which would
be caused by the asymmetric structure of the pyramid-shaped
AFM tip. As shown Fig. 5(d), the polarization angle of the tip-
enhanced SHG intensity maintained almost the same as that
without the enhancement. However, the polarization contrast
decreased to 0.303. The decrease of the polarization contrast
also verified the different enhancement factors in different po-
larization angles.

Furthermore, the power dependence of the enhancement fac-
tor was investigated as well. Keeping the excitation polariza-
tion at 125° we varied the excitation power. As shown in
Fig. 6(a), without the tip-enhancement, the SHG signal in-
creased quadratic with the excitation power with a slope of
0.115 in linear-logarithmic diagram, exhibiting the feature of
the second-order nonlinear process. With the tip-enhancement,
the SHG signal increased with the excitation power. When the
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excitation power was below 10 mW, the slope was 0.121, which
was almost same as that without the tip, indicating that the
plasmonic resonance was taking place directly with the elec-
tromagnetic field of SHG more strongly than with the incident
field of the fundamental wave, leading to an independence of
the enhancement factor with a value of about 2.4 on excitation
power as presented in Fig. 6(b). However, when the excita-
tion power was beyond 10 mW, the slope rapidly increased to
0.456. It revealed that the plasmonic enhancement of the elec-
tromagnetic field of the fundamental wave overwhelmed that of
the SHG field when the excitation power was beyond 10 mW,
resulting in a rapidly increased enhancement factor with the
excitation power as depicted in. Fig. 6(b). When the excitation
power reached 12 mW, an over 12-fold enhancement on the SHG
was observed. It should be noted that in the measurement with
12 mW excitation, the AFM image was the same as that at low
excitation power, ensuring the tip was not damaged. Larger en-
hancement on the SHG intensity would be expected with further
increase on the excitation power. However, the damage thresh-
old of the gold-coated tip and the nanocrystals should be taken
into consideration.

IV. CONCLUSION

In conclusion, we demonstrated the enhanced SHG from a
single sodium niobate (NaNbOs) nanocrystal by approaching
a metal tip on top of it. The enhanced SHG originated from
the enhancement of a highly localized electromagnetic field in
the vicinity of the metal tip induced by plasmonic effect. We
observed that the enhancement factor showed strong depen-
dence on the excitation polarization and the excitation power.
An over 12-fold tip enhancement was observed when the exci-
tation power was 12 mW. Taking advantages of photostability
and no saturation effect appearing from the nonlinear process,
tip-enhanced SHG microscopy would be a promising technique
for applications in biolabelling and bioimaging with strongly
enhancing signals in a localized area by a nanoscale metal tip.
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