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One-pot synthesis of sub-10 nm LiNbO;
nanocrystals exhibiting a tunable optical second
harmonic responsef
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Nanophotonics, dealing with the properties of light interacting with nanometer scale materials and
structures, has emerged as a sought after platform for sensing and imaging applications, and is impacting
fields that include advanced information technology, signal processing circuits, and cryptography.
Lithium niobate (LiINbO3) is a unique photonic material, often referred to as the “silicon of photonics” due
to its excellent optical properties. In this article, we introduce a solution-phase method to prepare
single-crystalline LiNbOs nanoparticles with average diameters of 7 nm. This one-pot approach forms
well-dispersed LiNbOz nanocrystals without additional organic additives (e.g., surfactants) to control
growth and aggregation of the nanoparticles. Formation of these LiNbOz nanocrystals proceeds through
a non-aqueous sol—gel reaction, in which lithium hydroxide and niobium hydroxide species were
generated in situ. The reaction proceeded through both a condensation and crystallization of these
reactants to form the solid nanoparticles. These nanocrystals of LiNbOs were active for optical second
harmonic generation (SHG) with a tunable response from 400 to 500 nm. These nanoparticles could
enable further development of non-linear optical techniques such as SHG microscopy for bioimaging,
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Introduction

This report demonstrates a solution-phase method to prepare
single-crystalline lithium niobate (LiNbO;) nanoparticles with
an average diameter of 7 nm. Lithium niobate is a technologi-
cally important material. Lithium niobate based materials are
used in photonic devices and sought for a diverse range of
applications including optical modulators,
transducers, optical filters in mobile telephones, and wave-
length converters in fiber optic based telecommunication
systems.>” Nanostructures of LiNbO; with a well-defined size
distribution, crystallinity, and phase are sought for use in
a diverse range of applications that include optical sensors for
chemical and biological analyses, waveguides and electro-
optical ceramics.>*** Properties of interest for LiNbO; are its
relatively high non-linear optical response, piezoelectric coeffi-
cient, acousto-optic response, and photoelastic activity.*”**-**
Recently, LiNbO; nanoparticles have also been explored as
second harmonic generation (SHG) imaging probes for their
potential to expand SHG based microscopy techniques. For
example, these nanoparticles have been used as probes to assist
in imaging cells by taking advantage of the exceptional SHG
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which requires the dimensions of nanoparticles to be well below 100 nm.

properties of these particles. Efficient transport and cellular
uptake of these SHG bio-imaging probes require their dimen-
sions to be well below 100 nm.'* The non-linear optical (NLO)
properties of these materials also depend on their size, shape,
and chemical composition."*”** The ferroelectric and piezo-
electric properties of these nanomaterials are also strongly
dependent upon their particle size and shape.**** To meet the
demands of these applications, different synthetic routes have
been sought to prepare uniform nanoparticles of LiNbO;.

The preparation of single-crystalline LiNbO; nanostructures,
with well-defined dimensions and that exhibit minimal aggre-
gation, is necessary for many of the targeted applications.”*™’
Many solid state approaches, molten salt syntheses, and sol-gel
methods have been reported for preparing nanomaterials of
LiNbO;. These methods have been limited in their ability to
tune the size of the nanoparticles and to overcome aggregation
in the products, and often require high temperature treatment
(>500 °C) that result in the inclusion of micron sized parti-
cles.”®*®3% In recent years, solution-phase approaches have
attracted further attention to prepare nanomaterials with
control over their shapes, sizes, and crystallinity, as well as to
achieve minimal aggregation of these products. Solution-phase
approaches include some relatively low temperature methods
that are promising for the preparation of crystalline nano-
materials with dimensions below 100 nm.*** In the literature,
crystalline nanoparticles of LiNbO; with dimensions between
30 and 100 nm have been prepared using solvothermal

This journal is © The Royal Society of Chemistry 2019
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techniques. These synthetic techniques can provide robust
routes to prepare well-dispersed, crystalline, and pure nano-
particles of LiNbO;. Antonietti and coworkers reported the
synthesis of LiNbO; nanoparticles having an average size of
60 nm through a solution-phase synthesis.*® This method
required an inert atmosphere for handling the reagents (e.g.,
lithium metal) and the product contained a wide range of
particle sizes and non-uniform shapes. Wiley et al. prepared
~50 nm diameter LiNbO; nanoparticles through a solvothermal
method using 1,4-butanediol, a controlled substance, as
a solvent.** Our group reported two different solution-phase
methods for the synthesis of LiNbO; nanoparticles. In our
first report, we demonstrated the formation of anisotropic
LiNbO; nanoparticles with lengths and diameters around
100 nm and 7 nm, respectively, through a relatively high
temperature solution-phase approach.*® An inert atmosphere
was used when handling the reagents, and reaction tempera-
tures above 350 °C were used to initiate decomposition of the
precursor. In our second report, single-crystalline LiNbO;
nanoparticles with an average diameter down to 30 nm were
prepared using a surfactant-assisted solvothermal method.*®
This synthetic method provided a route to prepare LiNbO;
nanoparticles with a tuned diameter. It has, however, remained
a challenge to further decrease in the diameter of single-
crystalline LiNbO; nanoparticles below 30 nm. Synthesis of
LiNbO; materials with these smaller dimensions has been of
particular interest for their potential utilization in SHG
microscopy techniques, ferroelectric memory materials,
photonic devices, optical sensors and non-linear photo-catal-
ysis.>’~** To meet the demands of these applications, a further
decrease in the dimensions of the LiNbO; nanoparticles was
sought in this study.

Herein, we demonstrate a solution-phase method to prepare
single-crystalline LiNbO; nanoparticles with average diameters
of 7 nm. An alternative preparation of LiINbO; nanoparticles was
sought through a non-aqueous sol-gel reaction, which involved
the dissolution and condensation of reagents at high temper-
atures. The synthesis was carried out under ambient conditions
without the need for an inert atmosphere or post-synthetic
thermal annealing of the product. The size, dispersion, and
crystallinity of the product were characterized by transmission
electron microscopy (TEM) techniques. The composition,
phase, and purity of the products were further characterized by
X-ray diffraction and Raman spectroscopy techniques, which
indicated the formation of crystalline LiNbO; nanoparticles
with a rhombohedral phase. The optical second harmonic
response (or SHG) of these LiNbO; nanocrystals was charac-
terized and tuned over visible wavelengths by adjusting the
incident wavelength of the laser.

Experimental section
Materials and supplies

All the chemicals were of analytical grade and were used as
received without further purification. Niobium ethoxide
[Nb(OC,Hs)s, >90%] was obtained from Gelest Inc., and lithium
acetylacetonate ([Li(acac)], 99.5%) and benzyl alcohol (99%)
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were purchased from Alfa Aesar and Acros Organics, respec-
tively. Anhydrous ethanol and a crystalline lithium niobate
powder (LiNbO3, 99.9%, to serve as a reference material) were
obtained from Commercial Alcohols and Sigma Aldrich,
respectively.

Synthesis of lithium niobate nanoparticles

Lithium niobate nanoparticles having an average size of 7 nm
were prepared through a solvothermal process. In brief, 40 mM
of niobium ethoxide was dissolved in 10 mL of benzyl alcohol
and stirred for 20 min. After this period of time, 70 mM of
Li(acac) was added to the solution and stirred for another 6 h at
room temperature. The resulting mixture was transferred to
a 23 mL Teflon lined autoclave (Model No. 4749, Parr Instru-
ments Co., Moline, IL USA) and heated at 220 °C for 96 h. After
cooling to room temperature, white precipitates were isolated
from the reaction mixture by centrifugation (Model No. accuS-
pin 400, Fisher Scientific) of the suspension at 8000 rpm for
30 min. The obtained solids were washed three times by re-
suspending in 10 mL of ethanol and repeating the process of
centrifugation and decanting of the solution. The purification
process was repeated three more times with 10 mL of deionized
water (18 MQ cm, produced using a Barnstead NANOpure
DIlamond water filtration system). The purified product was
dried at 70 °C for 10 h prior to further analyses to remove
moisture present from the purification process.

Characterization of the lithium niobate nanoparticles

The size, morphology, crystallinity, and phase of the LiNbO;
nanoparticles were each analyzed using an FEI Osiris X-FEG 8
scanning/TEM operated at an accelerating voltage of 200 kv.
Samples for TEM analysis were prepared by dispersing the
purified products in ethanol followed by drop casting 3 pL of the
suspension onto separate TEM grids (300 mesh copper grid
coated with formvar/carbon, or CVD Graphene TEM support on
a Copper 2000 grid) purchased from Cedarlane Labs and Gra-
phene Laboratories Inc. Each TEM grid was vacuum dried at
~230 torr for at least 30 min prior to analysis. The TEM was
calibrated using a thin film of aluminum before acquiring the
selected area electron diffraction (SAED) patterns from the
samples. The camera length was 220 mm and the TEM aperture
used to acquire the SAED patterns from multiple nanoparticles
was 40 pm.

Phase and crystallinity of the products were further assessed
using powder XRD. The XRD patterns of the samples were
acquired with a Rigaku R-Axis Rapid diffractometer equipped
with a 3 kW sealed tube copper source (Ko radiation, A =
0.15418 nm) collimated to 0.5 mm. The samples were packed
into a cylindrical recess drilled into glass microscope slides
(Leica 1 mm Surgipath Snowcoat X-tra Micro Slides) for
acquiring XRD patterns for the products.

Purity and phase of the product were further characterized
using Raman spectroscopy techniques. A Renishaw inVia
Raman microscope, equipped with a 50x LWD lens (Leica, 0.5
NA) and a 514 nm laser (e.g, argon ion laser, Model No. Stellar-
Pro 514/50) set to 100% of the laser power, was used to acquire
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the Raman spectra. The Raman spectrometer was calibrated by
collecting the static Raman spectra of a polished silicon (Si)
standard at 520 cm ‘. Raman spectra of the samples were
measured from 100 to 950 cm™" using a 1200 lines per mm
grating and an exposure time of 30 s at a scan rate of 10 cm ™"
s

The second harmonic response of the LiNbO; nanoparticles
was analyzed using a Leica SP5 laser scanning confocal, two
photon microscope equipped with a Coherent Chameleon
Vision II laser (tunable from 680 to 1080 nm for two photon
excitations) and a 20x objective lens (Leica, 1.0 NA). The
average peak power of the laser was 3.0 W at a wavelength of
800 nm. Powdered samples of the LiNbO; nanoparticles were
mounted onto glass coverslips and brought into the focal point
of the microscope. The excitation wavelengths were set to 800,
850, 900, 950 and 1000 nm, and the corresponding band-pass
filters were centered at 400, 425, 450, 475, and 500 nm,
respectively, to selectively collect the second harmonic response
of the LiNbO; nanocrystals.

Results and discussion

Mechanism for the formation of lithium niobate
nanoparticles

In the solution-phase method reported herein, the formation of
LiNbO; nanoparticles proceeded through a mechanism of
dissolution, condensation, and crystallization. In this non-
aqueous sol-gel route, niobium ethoxide [Nb(OR)s, where R =
-C,H;] and lithium acetylacetonate [Li(acac)] were first dis-
solved in benzyl alcohol (Fig. 1). A subsequent solvothermal
treatment of this solution was performed in a Teflon lined
autoclave at 220 °C for 96 h. Solvolysis of the precursors
generated LiOH and NbO,(OH),(OR), species in situ. Formation
of these hydroxyl based species within the reaction mixture was
pursued to generate the necessary sol-gel precursors, which
subsequently solidified through a condensation process in the
solution. Condensation of the precursors formed a series of
metal-oxygen-metal (M-O-M) bonds. Aging these species at the
temperatures of the solvothermal process can result in the
formation of crystalline LiNbO; nanoparticles.”**> We choose
Li(acac) as a precursor for its acetylacetonate or B-diketone
ligand. This bidentate “acac” ligand coordinates with the Li
ions, and is believed to control the rate of solvolysis during
formation of the LiOH in the reaction mixture, which helps to
control the formation of the LiNbO; nanoparticles.*>*

Nb(OR), .
Ivol NbO,(OH)(OR i
o+ S°V°Z’S'3 A +)y( )2 condensation :.::o:.
Ll(afac) 220°C LiOH crystallization
PhCH,OH LINbO,
nanoparticles

R =-C,Hs

Fig. 1 Formation of LiNbOsz nanoparticles through a non-aqueous
sol—gel process, which were prepared through the condensation of
LiOH and NbO,(OH),(OR), species generated in situ by a solvothermal
treatment of Nb(OC,Hs)s and Li(acac) dissolved in benzyl alcohol.
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Regulating the rate of solvolysis of the precursors could provide
control over the production of monomers in the solution and
was sought to achieve a regulated growth of the nanoparticles at
elevated temperatures. This controlled solvolysis of the
precursors in solution could control the production of mono-
mers and, therefore, the process involved in nucleation and
growth of the nanoparticles, as well as to possibly minimize
aggregation of the final product.***® Therefore, limiting the rate
of solvolysis and the condensation of the Li and Nb precursors
may lead to the formation of uniform, well-dispersed LiNbO,
nanoparticles.

Morphology and structural characterization of the LiNbO;
nanoparticles

Size and shape of the products prepared through the sol-
vothermal treatment at 220 °C for 96 h were characterized by
TEM (Fig. 2 and S17). The nanoparticles of LiNbO; were rela-
tively well dispersed with a semispherical shape (Fig. 2a and b).
The mean diameter of these nanoparticles, calculated from the
measurement of at least 230 individual nanoparticles, was 7 +
2 nm (Fig. S21). The error is reported here as one standard
deviation from the calculated mean diameter. Crystallinity and
phase of the nanoparticles were characterized by selected area

Fig. 2 Lithium niobate nanoparticles characterized by: (a and b)
transmission electron microscopy (TEM); (c) a selected area electron
diffraction (SAED) analysis; and (d) a high resolution (HR) TEM analysis.
(e) A detailed analysis of the d-spacing and the crystallographic
orientation of the nanocrystal as observed in the HRTEM image. The
inset in (e) depicts the results of a Fast Fourier Transformation (FFT) of
the HRTEM image in (d).

This journal is © The Royal Society of Chemistry 2019
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electron diffraction (SAED) techniques. The SAED patterns
indicated the formation of a crystalline product, and the
observed ring patterns were indexed to the rhombohedral phase
of LiNbOj; (Fig. 2¢). The crystallinity of the nanoparticles was
further confirmed through high resolution (HR) TEM analyses.
A regular lattice structure was observed by HRTEM, which
suggested the formation of single-crystals for individual nano-
particles (Fig. 2d). A typical analysis of the lattice spacing
observed within the nanoparticles is shown in Fig. 2e. The
average lattice spacing was 0.37 nm, which was indexed to the
(012) planes of rhombohedral LiNbOj;. A Fast Fourier Transform
(FFT) pattern of this HRTEM image, obtained along the [421]
zone axis, is shown in the inset of Fig. 2e. The FFT pattern
indicated the presence of lattice spacings of 0.37 nm and
0.27 nm, which were indexed to the {012} and {104} facets of
rhombohedral LiNbOj, respectively. The morphology and
dominant facets for rhombohedral, single-crystal LiNbOj;
nanoparticles were predicted using Bravais-Friedel-Donnay-
Harker (BFDH) calculations (Fig. S31) using Mercury soft-
ware.’>** According to the results of these calculations, the
shapes of the crystals were determined by the facets with
greatest inter-planar spacing. The shape of the resulting crystal
is governed by the relative growth rates of each of the crystal
facets. The most prominent facets of the crystal are those that
are the slowest growing, while the smallest facets are the fastest
growing and may absent in the final product.’>** The BFDH
calculations for a single crystal of LiNbO; indicated the pres-
ence of {012} and {104} as major facets, which agreed with the
FFT analyses of the HRTEM results. The HRTEM results and the
BFDH calculations suggested the formation of single-crystalline
nanoparticles of LiNbO;.

Further analyses of the phase and crystallinity of the LiNbO;
nanoparticles

Crystal structure and phase of the LiNbO; nanoparticles were
further characterized by powder X-ray diffraction (XRD)

2
S
-3

intensity (a.u)
[012] Lm

35 T T
TPy & CRRES
TO-O O e Q9 O
|z = Jese s
c l ru | | l In |0
T T

20 30 40 50 60 70
2-theta (degree)

Fig. 3 Powder X-ray diffraction patterns for: (a) LINbO3z nanoparticles
prepared by the described solution-phase synthesis; (b) a commercial
LiNbOs powder purchased from Sigma Aldrich; and (c) a reported
LiNbO3 reference (JCPDS no. 020-0631).
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techniques (Fig. 3). For comparison, XRD patterns were also
acquired for a commercial LiNbO; powder purchased from
Sigma Aldrich. The XRD patterns of this commercial sample
were indexed to rhombohedral LiNbO; in agreement with
a reference material reported in the literature.®* The XRD
patterns of the LiNbO; nanoparticles were indexed, and the
results correlated well with the commercial LiNbO; powder and
the reported LiNbO; reference (space group R3¢, JCPDS no. 020-
0631). This further indicated the formation of a rhombohedral
LiNbO; product supporting the SAED analyses (Fig. 2c). Peak
areas for the different XRD reflections relative to the (012) peak
were determined to evaluate the presence of dominant facets in
the product. It is worth noting that the ratio of the areas of the
(104)/(012), (202)/(012), and (116)/(012) peaks exhibited rela-
tively high values of 0.56, 0.75 and 0.41, respectively. These
results indicated an enrichment of the {104}, {202}, and {116}
facets in the LiNbO; nanocrystals relative to those observed in
larger crystals of LiNbO; (Table S1t). The combined results of
the SAED, HRTEM, and XRD analyses indicated that the major
facets in the 7 nm nanocrystals of LiNbO; were {012}, {104},
{116}, and {202}. The results of the HRTEM, SAED and XRD
analyses also suggested that there was no single preferred
growth direction for the nanocrystals, which resulted in the
formation of semispherical nanoparticles of LiNbO;.

We also assessed the optimal reaction time to prepare crys-
talline LiNbO; nanoparticles. Samples obtained at shorter
reaction times (e.g., 72 h versus 96 h) resulted in the formation
of semi-crystalline products as observed by XRD analyses
(Fig. S4t). Several diffractions peaks for samples obtained at
shorter reaction times were absent between 45° and 60° indi-
cating an incomplete crystallization of the products when
prepared at a reaction time of 72 h. Several of the diffraction
peaks were also broader for these products, which indicated the
presence of relatively small crystalline domains within these
materials.

The composition, purity and phase of the LiNbO; nano-
particles obtained by solvothermal treatment for 96 h were also

intensity (a.u)

150 300 450 600 750 900

Raman shift (cm™)

Fig. 4 Analysis by Raman spectroscopy of: (a) LINbOz nanoparticles
prepared after a period 96 h by the solution-phase synthesis; and (b)
a commercial LINbOz powder purchased from Sigma Aldrich.
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characterized by Raman spectroscopy. Raman spectra of these
samples were acquired over a spectral range from 100 to
950 cm ! (Fig. 4). A Raman analysis of the commercial LiNbO;
powder purchased from Sigma Aldrich was also acquired to
compare its phase and purity with the nanoparticles. The
Raman spectrum of the LiNbO; nanoparticles was in agreement
with the spectrum observed for the commercial LiNbO; sample,
which further indicated the formation of a rhombohedral
product.?® The Raman bands below 250 cm™ " (E-TO) were
assigned to the deformation of the NbOy framework, and the
band centered at ~600 cm ' (A;-TO) corresponded to the
symmetric stretching of Nb—O-Nb bonds in the rhombohedral
LiNDO; nanocrystals. Raman peaks at ~430 cm ' and
~375 cm™ " (E-TO) were associated with the bending modes of
the Nb-O-Nb bond, while the Raman band above 800 cm™* was
assigned to the antisymmetric stretching of the Nb-O-Nb
bonds in the NbOg octahedra of LiNbOj;. The relative intensities
and positions of the Raman bands can be strongly influenced by
particle sizes smaller than 100 nm. A new and relatively intense
peak ~900 cm™" was observed in the smaller nanocrystals of
LiNbOj3, which can be assigned to Nb=0 stretching.***” This
Raman band could be attributed to the enrichment of Nb=0
bonds on the surfaces of the nanoparticles due to their relatively
high surface to volume ratio and the presence of under-
coordinated Nb atoms on their surfaces. The relative intensity
of the Raman bands corresponding to the Nb=O stretch is
inversely proportional to the diameter of the nanocrystals (e.g.,
nanocrystals of smaller diameters possess a relatively intense
Raman band).* It is worth noting that the A;-TO band centered
around ~600 cm™" for the nanocrystals of LiNbO; exhibited
a red shift (~37 cm™") and an asymmetric broadening in
comparison to those observed for the commercial LiNbO;
powder. This red shift and asymmetric broadening of the
Raman bands can be attributed to a stronger influence of
surface effects for the smaller diameter nanocrystals. This effect
is due to the increased surface to volume ratio and the larger
proportion of under-coordinated surface Nb atoms in the
smaller LiNbO; nanocrystals, which shift the vibrational density
of states (VDOS) to lower frequencies.*®*® Raman spectroscopy
techniques are also very sensitive to the symmetry of a material
and can be used to assess compositional changes in a product.
The physical and structural properties of LiNbO; change line-
arly as a function of Li concentration due to the formation of Li
rich (e.g., LizNbO,) and Li poor (e.g., LiNb;Og) phases.*®® The
presence of Li poor or Li rich phases is undesirable due to their
non-stoichiometric composition, which reduces the non-linear
optical, electro-optical, and piezoelectric properties of the
desired LiNbO; product.'®**®* Characteristic Raman bands for
LiNDb;05 (e.g., 59, 79, 96, 542, 701 and 738 cm ') and Li;NbO,
(e.g., 470, 520, 748 and 824 cm ™ ')* were absent in the Raman
spectra of the LiNbO; nanoparticles prepared at 96 h through
this solution-phase approach. In conclusion, these Raman
spectroscopy results indicated the formation of pure nano-
crystals of rhombohedral LiNbO;. Crystallinity of the product
obtained by solvothermal treatment for 72 h was also investi-
gated by Raman spectroscopy (Fig. S51). This Raman spectrum
indicated the formation of an semi-crystalline product as the
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characteristic E-TO Raman bands for rhombohedral LiNbO;
were absent in the product.®

Analysis of the optical second harmonic response of LiNbO;
nanoparticles

The optical second harmonic response of the LiNbO; nano-
crystals was also examined to evaluate their non-linear optical
(NLO) properties. Non-linear optical materials have a wide
range of important applications that include quantum light
sources, frequency convertors, ultrafast optical switches, and
memory storage devices.®*"*® Non-linear optical processes, such
as second harmonic and third harmonic generation, can be
observed when a sufficiently intense light source interacts with
the electric fields within a NLO medium. Distinct from linear
optical materials, the properties of a NLO medium such as its
refractive index and absorption coefficient are dependent on the
intensity of the incident light. The non-linear interactions
between the incident photons and electric fields of the NLO
materials usually requires a relatively high intensity of these
incident photons.***” Second harmonic generation is a second-
order NLO process in which two incident photons of the same
frequency (w) are converted into a single photon having double
the initial frequency (2w).*” The SHG signal is produced when
light of a sufficiently intensity interacts with a material lacking
an inversion symmetry. The oscillating electric field of the
incident photons at a particular frequency (w;) results in a non-
linear polarization of the NLO medium, which upon relaxation
results in the emission of single photon at the twice incident
frequency (2w;).*** Unlike two-photon based excitation of
fluorescence that involves the transition of electrons to a real
excited state, the SHG process is a scattering process that
involves the transition to a virtual excited state (Fig. S71). The
resulting SHG response can be tuned by changing the excitation
wavelength.®® The SHG signal intensity does, however, depend
on several factors that include the intensity, polarization, and
wavelength of the incident light, the dimensions and non-linear
susceptibility of the materials, and the numerical aperture (NA)
of the optical lenses used in these measurements.®**® Recently,
nanometer sized materials have received interest for their
potential use as probes in SHG based microscopy, with the
absence of blinking and a flat frequency conversion response,
contrary to quantum dots.* The NLO materials have also been
sought for their ability to generate coherent light emission and
for exhibiting stability against bleaching, contrary to fluores-
cent dyes.” Nanoscale NLO crystals are also beneficial for the
preparation of hybrid materials by embedding these nano-
crystals into easily processable polymers.”*””* Another advantage
of nanoscale NLO materials is their ability to generate a second
harmonic response without requiring phase-matching condi-
tions. The intensity of the SHG in bulk NLO materials (e.g.,
where size of the crystals exceeds the wavelength of the incident
light) is only appreciable if it obeys phase-matching conditions,
which occurs if the second harmonic response moves in the
material at the same velocity and in the same direction as the
incident photons, resulting in a constructive interference.
However, nanoscale NLO crystals do not require this phase-
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matching condition for producing an appreciable second
harmonic response due to their relatively small diameters with
respect to the wavelength of the incident photons. Due to the
lack of phase-matching conditions, the SHG produced
anywhere in the nanocrystal will be approximately in phase,
allowing scattering to efficiently proceed along multiple
directions.”7*

Lithium niobate is a non-centrosymmetric material and is
one of the most versatile NLO materials with a variety of inter-
esting properties, such as its optical second harmonic response,
ferroelectric response, electro-optic activity, and piezoelectric
response. Lithium niobate based nanomaterials have attracted
attention due to their relatively large second order susceptibil-
ities (e.g., 41.7 pm V') and relatively wide window of optical
transparency (e.g., 400 to 5000 nm).*® Lithium niobate is also
a fairly stable SHG material and has a relatively large non-linear
optical coefficient.”””” The preparation of nanoscale LiNbO;
nanocrystals has been of particular interest due to their prop-
erties emerging from dimensional confinement, which have
potential applications in bio-imaging, biological and chemical
sensing, and NLO devices.*””*%%> Our nanocrystals of LiNbO;
were optically transparent between 400 and 1000 nm, and had
a direct band gap 3.85 eV (Fig. S8 and S97). The SHG activity and
its tunability for the ~7 nm diameter LiNbO; nanoparticles
were studied for different incident fundamental wavelengths
(FW) using a tunable femtosecond (fs) pulsed laser. The inci-
dent FWs were generated using a mode-locked Ti:sapphire laser
with a pulse width of ~140 fs and a tunable output of FWs from
680 to 1080 nm. The repetition rate and tuning speed of the fs
pulses were 80 MHz and >40 nm s~ ', respectively. The SHG for
a powdered sample of the LiNbO; nanoparticles was assessed
for a series of discrete FWs while maintaining a constant inci-
dent power. A second harmonic response was observed at 400,
425, 450, 475 and 500 nm when the LiNbO; product was excited
with FWs of 800, 850, 900, 950, and 1000 nm, respectively. These
results correlated well to the anticipated frequency doubling of
the FWs (Fig. 5). Pseudo-colored images were prepared corre-
sponding to the intensity and wavelength of the second
harmonic response from the powdered LiNbO; product, as
shown in Fig. 5. These pseudo-color images were prepared from
grey-scale images through the use of Leica Application Suite X to
match their color to the corresponding wavelength of the scat-
tered SHG signal. These results indicated that the ~7 nm
diameter nanocrystals of LiNbO; are SHG active and can
generate a second harmonic response over a broad range of
wavelengths by adjusting the wavelength of the incident fs
pulsed laser. Due to limitations in the configuration of our
source and detector, we were limited to studying the NLO
properties of these materials over the range from 400 to 500 nm.
The SHG of these LiNbO; nanocrystals could be further
extended and tuned to near- and far-infrared wavelengths by
choosing appropriate incident wavelengths.” Intensity of the
SHG signals obtained from these samples decreased with
increasing wavelength of the incident light (Fig. S10%). This
decrease in the intensity of the SHG signals corresponded to
a decrease in the peak power of the fs pulsed laser with
increasing wavelength (Fig. S11 and eqn (S1)t). The observed
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Fig.5 The pseudo-colored second harmonic generation (SHG) based
images (scale bars = 5 um) for powders of the LiNbOz nanoparticles
placed on a glass cover-slip and irradiated using a pulsed laser with an
excitation wavelength of: (a) 800 nm; (b) 850 nm; (c) 900 nm; (d)
950 nm; and (e) 1000 nm. (f) Second harmonic response of the ~7 nm
diameter LiNbOz nanoparticles indicate their tunable emission at 400,
425, 450, 475 and 500 nm when excited at the corresponding
wavelengths reported for samples (a) to (e).

decrease in power also correlated with an increase in the beam
waist, which resulted a decreased intensity of the SHG signals
(eqn (S2)f). The full width at half maximum (FWHM) of the
measured second harmonic response should corresponded to
1/y/2 of the bandwidth of the femtosecond pulsed laser used to
generate the SHG response.*” An average FWHM of 7 nm was
measured for the SHG from the ~7 nm diameter LiNbO;
nanocrystals, which is significantly narrower than the FWHM of
the emission signal reported for many fluorescent probes.
Fluorescence markers, including quantum dots and organic
dyes, have spectral bandwidths (e.g., FWHM) for their emission
signals within the range of 20 to 50 nm.**** The tunable wave-
length and narrow bandwidth of the SHG response from the
LiNbOj; nanocrystals enable advantages that include generating
multiplexed optical images, tuning the response to avoid
autofluorescence, and increasing the penetration depth of the
analysis by minimizing contributions from scattering and
absorption.” These SHG active LiNbO; nanocrystals could be
used as bio-imaging probes, and could open up new opportu-
nities in SHG microscopy techniques.

Conclusions

In conclusion, we have successfully prepared single-crystalline
LiNbO; nanoparticles with average diameters of 7 nm using
a solution-phase method. Advantages of this solution-phase
method include the formation of crystalline nanoparticles
without needing post-synthetic thermal processing of the
product, and no need for an inert atmosphere to process the
reagents or for the reaction. This solvothermal one-pot
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approach resulted in the formation of well-dispersed nano-
particles of LiNbO; without requiring the addition of further
organic additives (e.g., surfactants). The non-aqueous sol-gel
processes of this solvothermal method resulted in the in situ
formation of LiOH and NbO,(OH),(OR), species, followed by
their condensation and aging at higher temperatures to form
crystalline LiNbO; nanoparticles. Structural characterization by
TEM, HRTEM, SAED, and XRD indicated that the product
contained single-crystalline, LiNbO; nanoparticles with {012},
{104} {116} and {202} as major facets. The results of these
analyses suggested that there was no single preferred growth
direction for the nanoparticles. This reaction resulted in the
formation of semispherical nanoparticles of LiNbO;. Compo-
sition and phase of the products were characterized using XRD
and Raman spectroscopy techniques, which indicated the
formation of rhombohedral nanocrystals of LiNbO;. The
LiNbO; nanoparticles were determined to be SHG active. Their
optical second harmonic response was tuned from 400 to
500 nm by adjusting the wavelength of incident pulsed laser.
The second harmonic response of the nanocrystals could be
further tuned by choosing a suitable wavelength for the incident
laser. These SHG active LiNbO; nanoparticles could be used as
optical imaging probes and for the fabrication of non-linear
optical devices (e.g., electro-optical devices, biosensors).
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