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Abstract:

We have synthesized six morphologies of NaNbO; micro/nano-crystals with three crystal structures using
hydrothermal method. Each single hexagonal NaNbOs micro/nano-crystal (samples No.1-No.3) exhibits strong
second-order nonlinear response. By calculating the average intensity and measuring polarization response of each
single hexagonal NaNbO; micro/nano-crystal (samples No.1-No.3), it has demonstrated that the same crystal
structure displays a similar optical second harmonic generation (SHG) response, furthermore, SHG is independent
of the morphology and identical for similar crystals, which is expected for a volume effect with a second-order
susceptibility tensor depending on the material properties. Based on the previous related research and the optical
SHG properties of NaNbO; micro/nano-crystals, the non-toxic NaNbO; micro/nano-crystals may find promising
applications in biological imaging, etc.
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1 Introduction

Second harmonic generation (SHG) is a second-order nonlinear optical process, where two photons are
combined and converted into a single photon with twice the fundamental frequency, and is particularly interesting
because it is only efficient in noncentrosymmetric environments---most typically an inorganic crystal.>* By
oversimplifying, we can explain this property as the absence of symmetry on a microscopic scale. As a matter of
fact, SHG can be observed at interfaces and some biological materials because these materials can be highly
polarizable and often assemble into large, ordered noncentrosymmetric structures. For example, cell membranes,
where a sudden change occurs in the optical properties of the medium going from the inside to the outside of a

cell;”

and elongated structure as collagen (and not isotropic), which can produce SHG signals due biological
membranes might be good general scaffolds for noncentrosymmetric arrays of SHG-active molecules.”! Therefore,
for SHG coming from exogenous nanoparticles, which provide high contrast in unstructured and isotropic
environments. For endogenous SHG (intrinsic structures directly produce strong SHG), labeling with exogenous

molecular probes is not required.

Recently, SHG studies of nanomaterials have become a very active field. And SHG process has been

[4-6] [7-12]

observed from different types of nanomaterials, including metals, semiconductor, organic
nanomaterials,!*"> dielectric.l"*?" Unlike photoluminescence, the SHG process occurs without nonradiative
energy loss and involves only virtual electron energy transition; therefore SHG structures do not bleach over time
and emit a stable, nonblinking signal that does not saturate with increasing excitation power.[lz’ 222 Fyrthermore,
SHG is generally a nonresonant process that offers flexibility of tuning the wavelength of the SHG signal by
changing the excitation wavelength accordingly.[zo] Since the SHG conversion efficiency of these nanomaterials is
sufficiently high, it has shown great potential as alternative imaging probes due to their non-bleaching and
[1-2,7, 16, 19-21,

non-blinking signal as well as the advantages of stable, tunable, coherent, fast, polarization sensitive.

228 Dye to their unique optical properties, these SHG nanoprobes offer opportunities that are not available with
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photoluminescent probes. Besides, SHG has proven to be a very useful tool in optics and materials
characterization, it has been extensively used as an analytical tool for monitoring surfaces, interfaces, and
ferromagnetic domain growth.

Since SHG only takes place in a noncentrosymmetric environment under electric dipole approximation,
nanomaterials of noncentrosymmetric crystal structures are efficient in SHG. The SHG process of various
noncentrosymmetric nanocrystals has been studied, which includes ZnO,”'¥ KTiOPO, (KTP),“(” 18, 24]
Fe(IO3)3,[19’ 2] GaAs,[%] XNbOs (X =Li, Na, K),[zo’ 2] BaTiO3,[21’ 25.3132] g, Herein, we study the SHG responses
from single hexagonal NaNbO; micro/nano-crystals with different morphologies and sizes (samples No.1-No.3).
The calculated average intensity and the measured polarization dependence of each single hexagonal particle
(samples No.1-No.3) are studied in detail. Through these studies, we are able to find the influence factors of SHG
response and polarization and how the SHG responses depend on the impinging light polarization. Furthermore,
from the measured polarization dependence of a micro/nano-crystal, we are also able to find the orientation of the
micro/nano-crystal. Motivated by the advantages of SHG imaging probes (such as stable, tunable, coherent, fast,

polarization sensitive, etc.) and no toxicity of NaNbOj crystals, the as-prepared NaNbO; micro/nano-crystals open

up the possibilities in biological imaging.

2 Experimental
2.1 Materials synthesis

In this work, the NaNbO; micro/nano-crystals are produced by a two-step hydrothermal method. First, a
metastable potassium niobate precursor is prepared by a hydrothermal process. Then, the mixture of the solid
potassium niobate precursor and NaOH solution (pure water, ethylene glycol/water, or ethylenediamine/water) are
followed by the ion exchange reaction under hydrothermal conditions. The resulting powders are washed several

times with distilled water and then dried at room temperature. (For the details, please see the experimental section
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in Supplementary). The flowchart is shown in Supplementary Fig. S1 and the experimental parameters of

as-prepared NaNbO3; micro/nano-crystals are shown in Supplementary Table S1.

2.2 Characterization methods

The crystal structure and phase purity of as-prepared samples are investigated by X-ray diffraction (XRD)

(Bruker, D8 ADVANCE analysis with Cu Ko radiation operated at 40 kV and 40 mA, A = 0.15418 nm, scanning

step 0.02°, scanning speed 0.1 s per step). The morphology, structure and size distribution of the powders are

observed by transmission electron microscope (TEM, JEM-100CX1I) and field emission-scanning electron

microscopy (FE-SEM, Nova NanoSEM430, FEI, Netherlands). SEM equipped with an energy-dispersive X-ray

spectrometer (EDS) is used to study the composition of powders. To further determine the structure and phase of

nanocrystals, high-resolution transmission electron microscopy (HR-TEM) images and selected area electron

diffraction (SAED) patterns are performed using transmission electron microscope (TEM, JEM-100CX1I). For

the nonlinear optical second-harmonic generation (SHG) measurement of single NaNbO; particles, we use a

combined system of a scanning confocal microscope and an atomic force microscope (AFM). A home-built

Yb-doped fiber laser with 1064 nm, 30 MHz, 11 ps is used as an excitation beam. The incident beam propagates

first through a polarizer which makes it becoming a linear polarized source. Then it goes through a half-wave

plate which allows varying the angle of the polarization. Afterward, the beam is focused to 927 nm in diameter by

an oil-immersion objective (X100, numerical aperture (N.A.) = 1.40, oil immersion, Olympus UPlanSApo) onto

the sample plane, and the emission of SHG occurs. The emitted SHG light and the incident light are then collected

by the same microscope objective. The path of both beams is separated by a dichroic mirror after the objective. It

transmits the SHG light and reflects most of the incident light. After passing through dichroic mirror, the small

amount of the incident beam is still transmitted, and is filtered out by a band pass filter at 532 nm with bandwidth

of 3 nm. And the beam is also spatially filtered by a pinhole with diameter of 75 um in a telescope system. The

SHG signal is detected by single-photon detector based on Si-avalanche photodiode (APD). The sample of the

Page 4 of 22



Page 5 of 22

Journal of Materials Chemistry C

coverslip with NaNbO; micro/nano-crystals is held on an x-y piezo stage. By scanning the piezo stage, the

confocal images of the single NaNbO; micro/nano-crystals can be obtained. On the top of the scanning confocal

microscope, an AFM (NanoWizard II, JPK) is installed to acquire the surface topography of the nanocrystal. The

tip of the AFM is aligned coaxially with the confocal microscope. Schematic of the optical SHG measurements

setup is shown in Fig. 1. All the measurements are investigated at room temperature.

3 Results and discussion

The NaNbO; micro/nano-crystals are synthesized by hydrothermal method. NaNbO; micro/nano-crystals

with six different morphologies and three types of crystal structures have been successfully fabricated through

controlling the synthesis conditions, such as the surfactant and reaction medium (pure water, ethylene glycol/water,

ethylenediamine/water). The relevant details show in Supplementary.

3.1 Phases, structures, morphologies and sizes

The XRD patterns of as-prepared NaNbO; micro/nano-crystals (sample No.l to No.6) are given in Fig. 2,

and the interrelated SEM, TEM, HR-TEM and SAED images are shown in Supplementary Fig. S4. Fig. 2 has

confirmed that all the samples are NaNbOs, the samples No.1-No.3 and No.5 present the pure hexagonal phase

NaNbOj; (Joint Committee on Powder Diffraction Standards (JCPDS) Card No. 37-1076, space group: R, a = b =

0.5335 nm, ¢ = 1.5611 nm), sample No.1 is nanowire with ~270 nm in width and ~25 pm in length, sample No.2

is a regular hexagonal microplate with a size of ~ 6 pm, sample No.3 are irregular cubic nanoparticles with a size

of ~ 60 nm, and sample No.5 is nanorod with ~360 nm in width and ~8 pm in length. The sample No.4 presents

the pure cubic phase NaNbO; (K,Ta,Og: JCPDS Card No. 35-1464, space group: Fd-3m, a =b = ¢ = 1.0596 nm)

and irregular polyhedral nanoparticle with a size of ~ 2.5 pum is obtained. The XRD pattern of the sample No.4

indicates that these diffraction peaks are consistent with cubic K,Ta,O4. The EDS data exhibits the presence of Na,

Nb, and O elements, and no other elements can be detected (see Supplementary Fig. S5). The sample No.6
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presents pure cubic phase NaNbO; (JCPDS Card No. 75-2102, space group: Pm-3m, a = b = ¢ = 0.3906 nm) and
regular cubic nanoparticle with a size of ~ 630 nm is obtained. Their structures all exhibit a complicated
three-dimensional (3D) network composed of NbOg (NbOg) distorted polyhedra as shown in Fig. 2d, ¢ and f,
respectively. For samples No.1-No.3 and No.5 shown in Fig. 2g, in a NbOs octahedron, the Nb-O,,, 3) distances of
2.1123A are all longer than the corresponding distances Nb-Oys ) of 1.8886A, and Nb™" cation displacement is
along the three-fold rotational axis of the octahedron that passes through the triangle faces O;0,05; and 04050,
this displacement of the cation leads to the loss of a symmetrical center of NbOg polyhedra, and lots of NbOg
polyhedra are interconnected via a sharing corner into a 3D framework. For sample No.4, in a NbOg octahedron
shown in Fig. 2h, the Nb-Oj(, 4y and Nb-O; distances of 2.6595A and 1.9530A are consistent with the
corresponding Nb-Os 5y and Nb-O; distances of 2.6195A and 1.9530A, and Nb>* cation displacement is along
the four-fold rotational axis of the octahedron that passes through the triangle faces 0;0,03;0,4 and Os00,0s,
NbOg polyhedra is a structure with symmetrical center, then further interconnecting into a 3D framework. For
sample No.6, the Nb-O (3,3 4 s, ¢) distances of 1.9530A are all the same in a NbOg octahedron with a symmetrical
center, then further interconnecting into a 3D framework, as shown in Fig. 2i. The kinds of phases, structures,
specific sizes and morphologies of NaNbO; micro/nano-crystals prepared with different preparation conditions are
quite different, and the growth mechanism of the samples is discussed as shown in Supplementary Fig. S6.

The phases, structures, morphologies and sizes of as-prepared NaNbO; micro/nano-crystals could be clearly
seen in Table 1. Considering the SHG 1is effective in noncentrosymmetric crystal structures of
micro/nano-materials and may be different in various morphologies, we study the optical SHG of single
hexagonal NaNbOj; micro/nano-crystals (samples No.1-No.3) in detail in the following.

3.2 Optical SHG of single hexagonal NaNbO; micro/nano-crystals (samples No.1-No.3)
Fig. 3 shows the SHG images (left column) of each single hexagonal NaNbO; micro/nano-crystal (samples

No.1-No.3) with different morphologies and sizes, and their corresponding CCD or AFM images (right columns),
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which are used to determine the respective morphologies and ensure that the SHG responses are from single

hexagonal particles. Sample No.3 exhibits a relative weak response due to its small size, so we probe optical SHG

response in several nanoparticles of sample No.3. All the hexagonal NaNbO; micro/nano-crystals (samples

No.1-No.3) exhibit strong nonlinear SHG responses. In order to compare SHG responses of each single hexagonal

NaNbO; micro/nano-crystal, we calculate the average intensity of SHG responses for each single hexagonal

NaNbO; micro/nano-crystal (samples No.1-No.3) as shown in Fig. 4. The average intensity is estimated through

the calculation of SHG response intensity on unit volume in each single hexagonal NaNbO; micro/nano-crystal

(samples No.1-No.3) and the running power is fixed as 10 mW. Since the crystallinity of the sample No.3 is a bit

poor, its SHG response is a little weaker than that of the samples No.l and 2, but there are no significant

differences in the average intensity of SHG responses among these various single hexagonal NaNbOs crystals.

The samples No.1-No.3 display the similar average intensity of SHG responses, therefore, it can be deduced that

the morphology and size have no significant effect on the average intensity of SHG response of single hexagonal

NaNbO; micro/nano-crystals (samples No.1-No.3). Furthermore, SHG coming from the same crystal structure is

independent of the morphology, while the size is larger, the SHG response intensity is stronger due to the volume

effect.

3.3 Power dependency measurements of single hexagonal NaNbO; micro/nano-crystals (samples No.1-No.3)

In order to ensure that the detected response is indeed from the SHG process, power dependency

measurements are also conducted for each single hexagonal NaNbOj; micro/nano-crystal (samples No.1-No.3), red

curves are the SHG power responses quadratic fitting the measurements (blue dots) (Fig. 5). Because the SHG

intensities of sample No.l and No.2 are very strong, the running excitation powers of sample No.l and No.2 are

set under 20 mW to avoid the damage of detector during the test. Therefore, more than half of the plots for sample

No.1 and No.2 do not have measurement points in Fig. 5, but this will not affect the experimental results. All the

hexagonal NaNbO; micro/nano-crystals (samples No.1-No.3) show a typical quadratic behavior, indicating that
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the responses are generated from a second order nonlinear process. Besides, in the experimental data of Fig. 5, it
shows that no saturation effect occurs with increasing excitation power.

3.4 Polarization dependence measurements of single hexagonal NaNbO; micro/nano-crystals (samples
No.1-No.3)

We perform polarization-dependent measurements on each single hexagonal NaNbO; micro/nano-crystal
(samples No.1-No.3) in order to study the polarization dependence of SHG responses, which include the
impinging light polarization and the influence factors of polarization. The optical c-axis lies along the light
propagation (Z-axis of our coordinate system as shown in Fig. 6). A change of the orientation between the
polarization of the incident light and the c-axis of coordinate system generates a different amount of SHG
response. In other words, the SHG response can be determined only by the orientation of the c-axis, which is
related to the laboratory frame (X, y, z) by three Euler angles Q(/, 8, @) in Euler coordinate, as depicted in Fig.
6. The incident light is assumed in the x-y plane and acting on the crystal, which propagates along the Z-axis and
the excitation polarization angle 7 can be rotated in the x-y plane by a half-wave plate having electric field
components E, and E,. This incident field defined in normal Cartesian coordinates system has to be first projected
onto the crystal coordinate system (x’, y’, z’). After the conversion of the coordinate system, the SHG polarization

can be calculated by simply using the second-order polarization:[7’ 32]

PQo) = £, E() (1)
where & is the permittivity of the free space, ;((2) is the coefficients of the second-order susceptibility tensor, £
is the incident field, and  is the frequency of the incident light. In the simulation, along with the experimental
points is displayed the curve adjusted with the following expression of the SHG intensity:

I =a*cos* y+b*cos’ ysin® y +csin® y +d cos’ ysin y + ecos ysin’ y 2)
where the different parameters a, b, ¢, d, and e can be related to the Euler angles Q(/,8,9), the related

derivation shows in Supplementary Part 7.
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The calculated band gap of NaNbO; (JCPDS Card No. 37-1076, space group: R) is 3.714 eV by using
Heyd-Scuseria-Ernzerhof (HSE) method in the code of CASTEP. The dielectric function can be calculated from
the first-order susceptibility and linear refractive index. The first-order non-resonant susceptibility at low
frequency region is given by ;((l)(a))ﬁ = [g(a))il. —1]/ 4z , and the linear refractive index
[n(co—)O)],zl =¢&,(w—0),. The second-order susceptibilities can be expressed in terms of the first-order

susceptibilities as follows:1** 3%

2) _ . _ 20
X =(050,0)=F" g,

i )(a)3 )Zj(;)(a)l)llgl? (@,) 3)
Where F® =ma/(N’e’). These expressions are derived from a classical anharmonic oscillator (AHO) model.
The m and e are respectively the electron mass and charge, and the parameter a, which characterizes the
nonlinearity of the response, can be obtained from experimental or theoretical estimations. In this calculation, the
F factor is estimated to be 1.124.

Under the restriction of Kleinman’s symmetry, only three independent SHG tensor components (d»;, d3;, and
ds3) are considered. The calculated three frequency-dependent nonlinear optical (NLO) components (d»,, d31, and
ds3) of the NaNbO; are plotted in Fig. 7. The calculated tensor coefficients of bulk NaNbO; (JCPDS Card No.
37-1076, space group: R) are d»; = 17.3 pm/V, d3; = 16.0 pm/V, and ds; = 14.2 pm/V at a wavelength of 1064 nm
(1.165 eV), respectively.

Fig. 8 shows the SHG polarization analysis for the single hexagonal NaNbO; micro/nano-crystals (samples
No.1-No.3). The responses of samples No.1-No.3 all display two leaves, which have nonzero diagonal elements in
the second-order susceptibility tensor, exhibit a dipolar emission pattern corresponding very often to two lobes for
one analysis orientation. Therefore, we can conclude that the morphology and size have no significant effect on
the polarization property of SHG responses. This result is agreement with the calculation of the average intensity

for each single hexagonal NaNbOj; particle (samples No.l1-No.3). Moreover, the simulation also reveals the

information on the orientation of each single hexagonal NaNbO; particle (samples No.1-No.3) defined by
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Q(y,0,¢), which are (52.3° 110.6°, 82.5°) for sample No.1, (55.8°, 106.1°, 80.7°) for sample No.2, and (67°,
111.4°, 76.8°) for sample No.3. Motivated by the advantages of SHG imaging probes (such as stable, tunable,

12, 7, 16, 1921, 23-28 .
o ’ I some recent work have reported that nonlinear

coherent, fast, polarization sensitive, etc.),[
materials have been applied in biological imaging. For example, Culic-Viskota et al.”* have studied BaTiO; SHG
nanoprobes for in vivo imaging in living zebra fish embryos resulting that the signal to noise ratio (SNR) is
greatly improved. Similarly, KNbO; nonlinear nanoparticles are used to monitor the evolution of embryonic stem
cell (ESC) by second harmonic microscopy has been studied by Magouroux et al.’, and so on. Therefore, based

on the previous related research and the optical SHG properties of NaNbO; micro/nano-crystals, the non-toxic

NaNbO; micro/nano-crystals may find promising applications in biological imaging.

4 Conclusions

We prepare six morphologies of NaNbO; micro/nano-crystals with three crystal structures using
hydrothermal method. The optical SHG from single hexagonal NaNbO; micro/nano-crystals (samples No.1-No.3)
with different morphologies and sizes is studied. Each single hexagonal particle in samples No.1-No.3 shows a
typical quadratic dependency of the SHG with the incident beam power, showing that the response is generated
from a second-order nonlinear process. Moreover, by calculating the average intensity of the SHG response for
each single hexagonal NaNbO; micro/nano-crystal (samples No.1-No.3), showing that SHG is independent of the
morphology and identical for similar crystals, which is expected for a volume effect with a second-order
susceptibility tensor depending on the material properties. By measuring the polarization of the SHG response for
each single NaNbO3; micro/nano-crystal (samples No.1-No.3), we can conclude that the morphology and size have
no significant effect on the polarization property of SHG responses. The as-prepared NaNbO; micro/nano-crystals
open up the possibilities in biological imaging based on the previous related research and the optical SHG

properties of NaNbO; micro/nano-particles.
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Figure captions

Fig. 1 Schematic of the optical SHG measurements setup. HWP is the half-wave plate. APD is the Si-avalanche

photodiode.

Fig. 2 (a, b, c) XRD patterns of all samples. (d) lattice cell of NaNbO; (JCPDS Card No. 37-1076) for samples

No.1-No.3 and No.5 viewed along axis c. (e) lattice cell of NaNbO; (K;Tay,O4 JCPDS Card No. 35-1464) for

samples No.4 viewed along axis c. (f) four cells of NaNbO; (JCPDS Card No. 75-2102) for samples No.6 viewed

along axis b. (g, h, i) bond lengths of Nb-O in octahedral [NbOg¢] or [NbOg] structure. Wine ball: Nb and red ball:

0.

Fig. 3 SHG images (left column) and corresponding CCD or AFM images (right column) of single hexagonal

NaNbO; micro/nano-crystals (samples No.1-No.3) with different structures and morphologies.

Fig. 4 The average intensity of SHG response on unit volume for each single hexagonal NaNbO;

micro/nano-crystal (samples No.1-No.3), which is estimated through the calculation of SHG response intensity on

unit volume and the running power is fixed as 10 mW.

Fig. 5 SHG power dependency of single hexagonal NaNbO; micro/nano-crystals (samples No.1-No.3). The blue

dots are the experimental results of measured SHG intensity, and the red curves are the quadratic fitting results.

Fig. 6 Schematic of experimental geometry employed for polarization experiments on the single hexagonal

NaNbO; micro/nano-crystals (samples No.1-No.3).

Fig. 7 The calculated frequency-dependent SHG coefficients of bulk NaNbO; (JCPDS Card No. 37-1076, space

group: R).

Fig. 8 Polarization dependence of the SHG responses from single hexagonal NaNbO; micro/nano-crystals

(samples No.1-No.3), red curves are the SHG polarizaton responses fitting the measurements (blue dots). All units

are in degrees.
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Fig. 1 Schematic of the optical SHG measurements setup. HWP is the half-wave plate. APD is the Si-avalanche

photodiode.
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Fig. 2 (a, b, ¢c) XRD patterns of all samples. (d) lattice cell of NaNbO; (JCPDS Card No. 37-1076) for samples

No.1-No.3 and No.5 viewed along axis c. (e) lattice cell of NaNbO; (K,Ta,O¢ JCPDS Card No. 35-1464) for

samples No.4 viewed along axis c. (f) four cells of NaNbO; (JCPDS Card No. 75-2102) for samples No.6 viewed

along axis b. (g, h, 1) bond lengths of Nb-O in octahedral [NbOg] or [NbOg] structure. Wine ball: Nb and red ball:
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Fig. 3 SHG images (left column) and corresponding CCD or AFM images (right column) of single hexagonal

NaNbO; micro/nano-crystals (samples No.1-No.3) with different structures and morphologies.
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Fig. 4 The average intensity of SHG response on unit volume for each single hexagonal NaNbO;
micro/nano-crystal (samples No.1-No.3), which is estimated through the calculation of SHG response intensity on

unit volume and the running power is fixed as 10 mW.
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Fig. 5 SHG power dependency of single hexagonal NaNbO; micro/nano-crystals (samples No.1-No.3). The blue

dots are the experimental results of measured SHG intensity, and the red curves are the quadratic fitting results.
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Fig. 6 Schematic of experimental geometry employed for polarization experiments on the single hexagonal

NaNbO; micro/nano-crystals (samples No.1-No.3).
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Fig. 7 The calculated frequency-dependent SHG coefficients of bulk NaNbO; (JCPDS Card No. 37-1076, space
group: R).
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Fig. 8 Polarization dependence of the SHG responses from single hexagonal NaNbO; micro/nano-crystals

(samples No.1-No.3), red curves are the SHG polarizaton responses fitting the measurements (blue dots). All units

are in degrees.

Table 1 Phases, structures, morphologies and sizes of as-prepared NaNbO; micro/nano-crystals.

Phase Space group Morphology Size
width ~270 nm
hexagonal R
length ~25 um
hexagonal R ~ 6 um
hexagonal R ; ~ 60 nm
cubic Fd-3m - ~2.5 pm
width ~360 nm
hexagonal R
length ~8 um
cubic Pm-3m @ ~ 630 nm
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Graphical Abstract

The SHG responses from single hexagonal NaNbOs; micro/nano-crystals with different
morphologies and sizes were studied in detail. By calculating the average intensity and measuring
polarization response of each hexagonal NaNbO; micro/nano-crystal, it demonstrated the
morphology and size had little effect on the intensity and the polarization of the SHG response,
moreover, the orientations of the micro/nano-crystals were also founded. Based on the previous
related research and the optical SHG properties of NaNbO; micro/nano-crystals, the non-toxic

NaNbO; micro/nano-crystals may find promising applications in biological imaging, etc.
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