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Synthesis of Optical-Quality Single-Crystal 3-BaB,O,

Microwires and Nanowires

Guangyuan Qu, Zhifang Hu, Yipei Wang, Qing Yang, and Limin Tong*

The synthesis of optical quality -barium borate microwires and nanowires
(MNWs) is reported using an organic-free hydrothermal method with
BaCl,-6H,0, NaOH, and H;BO; as source materials, and assisted with
post-annealing. As-synthesized MNWs, with diameters ranging from 500 nm
to 2 um and lengths up to several hundred micrometers, show good optical-
waveguiding capabilities. Based on evanescent coupling between a single
BBO MNW waveguide and a fiber taper, propagation losses of 0.30 dB yum™"
(at 532 nm) and 0.21 dB um™' (at 671 nm) are evaluated, respectively. An evi-
dent second-harmonic generation (SHG) signal at 532 nm with a measured
conversion efficiency of about 8.4% is observed when excited by waveguided
1064 nm, picosecond laser pulses within a BBO MNW with a length of the
order of 100 um. The dependence of the SHG conversion efficiency on the
MNW diameter is also investigated. These results show a much-higher SHG
efficiency for BBO single-crystal MNWs compared with bulk crystal, which
suggests potential applications in future micro-/nanoscale nonlinear optical
applications such as optical modulation and frequency conversion.

1. Introduction

In recent years, one-dimensional (1D) micro-/nanostructures,
such as microwires and nanowires (MNWs) and microfibers,
have attracted considerable attention in optics and photonics
applications due to their low dimensionality, tight optical con-
finement, and excellent waveguiding capabilities. As 1D building
blocks for micro-/nanoscale photonic circuits and devices,
MNWs with high optical quality and high nonlinearity are of
particular importance, and have applications in areas ranging
from optical modulation, to wavelength conversion, and near-
field imaging.l'"1% One of the most straightforward approaches
to fabricating these 1D structures is to synthesize MNWs
directly from materials with high nonlinearity, such as semicon-
ductors and inorganic nonlinear optical crystals. Semiconduc-
tors (e.g., CdS) typically present high optical nonlinearity, but
usually suffer from the disadvantages of significant free-carrier-
induced effects, such as two-photon absorption, which results
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in a high loss and a response time limited
by the carrier lifetime and prevents them
from being used in ultrafast devices such
as optical modulators.''"" In contrast,
as the most widely used nonlinear optical
materials, inorganic nonlinear optical
crystals (e.g., B-BaB,0,, LiNDO;, LiB;Os,
KH,PO, and KTiOPO,) exhibit high non-
linearity and also benefit from negligible
two-photon absorption and free-carrier
effects, a higher quality of the crystal, and
a higher damage threshold. With high
nonlinearities, excellent chemical and
mechanical stability, and the absence of
free-carrier effects, inorganic nonlinear
optical crystals have been serving as crit-
ical materials for fast response and high-
bandwidth photonic devices in modern
telecommunications. In low-dimensional
micro-/nanostructures of these nonlinear
crystalline materials, optical nonlinearity
is expected to be significantly enhanced
due to the tight optical confinement. So far, only a few types
of nonlinear crystal MNWs have been synthesized. Recently,
individual single-crystalline LiNbO3;, KNbO;, and NaNbO; NWs
and nanorods have been synthesized through a hydrothermal
reaction and have a broadband waveguiding capability and an
efficient second harmonic generation, suggesting the potential
of nonlinear optical nano-waveguides for efficient frequency
conversion and other purposes.*16-18l

As one of the most important nonlinear optical crystals, 8-
barium borate (B-BaB,0,, BBO) crystals have been widely used
in second-, third-, fourth-, and fifth-harmonic generation, as
well as in optical parametric oscillators (OPO) and optical par-
ametric amplifiers (OPA),[1%22l owing to their high nonlinear
optical coefficients, low group-velocity dispersion, broad spectral
window of transparency, and high damage threshold.['23-20]

Recently, several methods to synthesize 1D BBO nano-
structures including nanorods, nanospindles and network-like
nanostructure were reported,””-? but their uses as nonlinear
optical waveguides are limited by the morphology, such as he
shape, size, composition, and spatial configuration. Compared
with bulk crystals, 1D MNWs can offer tight optical confine-
ment for enhanced field intensity and excellent waveguiding
capabilities for greatly enhanced light-material interaction.
Here, we report an organic-free hydrothermal method to synthe-
size BBO MNWs for optical waveguiding with diameters from
500 nm to 2 um and lengths up to several hundred micro-
meters. Excited by waveguided 1064 nm, picosecond laser
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pulses, evident second-harmonic generation (SHG) at 532 nm
is observed, with a measured conversion efficiency of about
8.4% within a length of 114 um, suggesting the possibility of
using these BBO MNWs as nonlinear building blocks for future
nonlinear micro-/nanophotonic devices.

2. Sample Preparation

In this work, BBO MNWSs were synthesized by an organic-
free hydrothermal method®%3" assisted with post-annealing.
BaCl,-6H,0, NaOH, and H3;BOj; with a molar ratio of 1:2:2 were
used as starting materials. As illustrated in Figure 1a, BaCl, and
NaOH solution were mixed and stirred thoroughly, forming a
Ba(OH), emulsion, as in reaction 1. H3;BOj; solution was then
added into the generated emulsion, as in reaction 2. After con-
tinuous stirring for about 30 min, a homogeneous white slurry
was obtained. The slurry was then transferred into an autoclave
and heated at temperature of 150-200 °C in an oven for 5 days,
resulting in a white, flocculent precipitate deposit at the bottom
of the autoclave. After being filtered and washed with deionized
water and alcohol for several times, BBO MNWSs were obtained
in a white precipitate, with the typical morphology shown
in Figure 1b. The MNWSs obtained at this stage were usually
50 nm to 2 um in diameter and several hundred micrometers in
length, with excellent diameter uniformity and surface quality.

BaCl, + 2NaOH — Ba(OH), + 2NaCl (1)

Ba(OH), + 2H;BO; — BaB,0, + 4H,0 2)

X-ray powder diffraction was used to examine the crystal
structure and phase composition of the as-grown MNWs, with
the results shown in Figure 1lc. The XRD pattern coincides
well with JCPDS file no. 35-0181, from which we identify the
MNWs to be in the y-BaB,0, structure, a low-temperature form
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of BaB,0,.*®! Typically, BaB,0O, has three forms, yBaB,0,,
B-BaB,0,, and a-BaB,0,. The -BaB,0, form can be transformed
to the -BaB,0, form, and the -BaB,0, form to the a-BaB,0,
form by annealing.[?>243¢] Here, accordingly, to transform the ¥
BaB,0, MNWs to f3-BaB,0, MNWs, we annealed the -BaB,04
MNWs at 700 °C for 1 h in an O, atmosphere. The XRD pat-
tern of the as-annealed MNWs is shown in Figure 1d, which is
in excellent agreement with the hexagonal phase of -BaB,0,
(JCPDS file no. 80-1489), with lattice constants of a = b =
12.53 A and ¢ = 12.72 A, a hexagonal crystal system and space
group of R3c (161), without characteristic peaks of any other
impurity groups, indicating that the obtained MNWs were in
B-BaB,0, form. After the annealing process, the diameter and
length of the MNWs were well retained. Figure le shows an
SEM image of a typical -BaB,0, MNW 550 nm in diameter
and 210 um in length, corresponding to a length-to-width
aspect ratio of about 380.

The morphology of the as-synthesized MNWs was further
examined using field-emission scanning electron microscopy
(FE-SEM) with a high magnification, as shown in Figure 2a,b.
Figure 2a gives a close-up image of a 600 nm-diameter >BBO
MNW, showing excellent diameter uniformity and surface
smoothness. Figure 2b gives a close-up image of a 670 nm
diameter f-BBO MNW, with the triangular cross-section shown
in the inset. It shows that, after annealing, the BBO MNW
retains diameter uniformity, while exhibiting relatively higher
surface roughness, although there’s no significant structural
irregularity. Lattice-resolved high-resolution transmission
electron microscopy (HR-TEM) images (Figure 2c,d) reveal
the microstructures and morphologies of the MNWs. The top
insets show the corresponding selected area electron diffraction
(SAED) patterns, confirming the single-crystalline 3-BaB,0, in
the [100] direction in Figure 2d. The lattice-fringe separations
were measured to be about 0.37 nm (c) and 0.72 nm (d), respec-
tively. The clear lattice fringe and its corresponding SAED pat-
tern confirm that the BBO MNW was single crystalline, without
twin structures, stacking faults, and dislocations.
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Figure 1. a) Synthesis process for f-BaB,04 MNWs. b) SEM image of %-BaB,O, MNWs. c,d) XRD patterns of y-BaB,O, (c) and -BaB,0, (d) MNWs.

e) SEM image of a typical 555 nm-diameter, 210 um-long -BaB,04 MNW.
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Figure 2. a) Close-up SEM image of a single 1-BaB,O, MNW, with dia-
meter of 600 nm. b) Close-up SEM image of a single B-BaB,0, MNW after
annealing, with diameter of 670 nm; the inset shows a close-up image of
one end of a 400 nm-diameter 3-BaB,0, MNW with a perfect triangular
end face. c,d) Lattice-resolved HR-TEM image of a single 7-BaB,0, MNW
(c) and a B-BaB,O, MNW (d), with the corresponding SAED patterns
(insets).

3. Optical-Waveguiding Properties

Optical characterization of the BBO MNWs was carried out
under an optical microscope, as schematically illustrated in
Figure 3a. As-synthesized BBO MNWSs were dispersed on the
polished surface of a MgF, wafer, which had a refractive index
of 1.38 (at wavelength of 550 nm). To launch light efficiently
into a single BBO MNW, we used an evanescent coupling tech-
nique assisted with a nanoscale fiber taper, which was taper-
drawn from a standard optical fiber (Corning SMF-28)13738] and
mounted on a 3D moving stage for precise coupling with the
MNW. The fiber taper maintained a tapering tendency at its

www.MatermIsVnews.com

distal end, making it possible to match the index of the fiber
taper to that of the MNW within the coupling region. The
optical-signal output from the MNW was first collected by the
same objective lens used for imaging, then directed through a
1064 nm notch filter, and split by a dichroic mirror to a spec-
trometer and a charge-coupled-device (CCD) camera for spectral
measurement and imaging, respectively. All of the measure-
ments were performed at room temperature.

Figure 3b,c shows optical microscopy images of light coup-
ling from a fiber taper to a 2 um-diameter 100 um-length BBO
MNW, in which the wavelengths of the light were 671 nm and
532 nm, respectively. The images show that light was coupled
into the BBO MNW and guided along the axial direction, dem-
onstrating the optical-waveguiding capability of the MNW.
Obvious scattering along the entire length of the MNW was
induced by the surface roughness (see also Figure 2b), indi-
cating that the waveguiding quality could be further improved.

To evaluate the propagation loss of the BBO MNW, we employed
a propagation-distance-dependent output measurement that has
been reported elsewhere.?>%% We moved the fiber taper along
the length of the MNW without changing the coupling condition,
and recorded the output intensity from the other end of the BBO
MNW using a calibrated CCD camera (see Experimental Section).

Figure 3d shows propagation-distance-dependent output
intensities of a 580 nm-diameter f-BBO MNW at wavelengths
of 532 and 671 nm, respectively (see Supporting Information).
The solid curves were fitted to the experimental results using
a non-linear least-squares fitting method. Generally, the output
intensity I(x) of the MNW exponentially decreases along the
axial length according to:

I(x) = Iy x e/t (3)

where I, is the initial intensity, x is the transmission distance
along the axial direction, and L, is the propagation length.

The propagation length of the BBO MNW

(Ly) can be estimated, and is related to the

propagation loss by:

4.343
Lo

_ —10log(y)
=—

“)

Using the fitted curves showed in Figure 3d
and Equation 3, we obtained propagation
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Figure 3. a) Schematic diagram of the experimental setup for optical characterization of the
BBO MNWs. b,c) Microscopy images of the transmission of a BBO MNW at wavelengths
of 671 nm (b) and 532 nm (c). The same BBO MNW, with a diameter of 2 um, was used in
(b) and (c). d) The propagation-distance-dependent normalized output intensities of a 580 nm-
diameter BBO MNW at 532 nm and 671 nm wavelengths respectively. The solid curves show
the fitting results of the experimental results.
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of a single BBO MNW, we launched 10 ps-
duration pulses from a 1064 nm-wavelength
YVO, laser into one end of an MNW by eva-
nescent coupling, and measured the SHG
output of the MNW.
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Figure 4. a) SHG spectrum of a single 2.2 um-diameter BBO MNW excited by 1064 nm-
wavelength picosecond pulses, taken with a notch filter with 2% transmission at 1064 nm
wavelength, and the corresponding microscope images (inset). b) SHG conversion efficiency
of 9 BBO MNWs with different diameters. c) Calculated Poynting vectors for triangular BBO
waveguides with side lengths L of 0.7 um (1), 0.8 um (2), 1.4 um (3), and 2.2 um (4), respec-

tively. The supporting substrate is assumed to be MgF,.

Figure 4a shows the SHG spectrum of a single, 2.2 um-
diameter, 114 pm-length BBO MNW, excited by 1064 nm-
wavelength laser pulses, with experimental details shown in the
inset. The SHG spectrum and the optical microscopy images
were taken after a notch filter with 2% transmission at a wave-
length of 1064 nm. To estimate the efficiency of the SHG, we
compared the relative intensity of the pump and the SHG light
at the output end of the BBO MNW. The intensity ratio of the
1064 nm pump to the 532 nm SHG signal was 43.8:100. After
calibrating the transmission of the notch filter, the estimated
conversion efficiency from 1064 nm light to 532 nm light is
about 8.4%.

The SHG intensity, I(2w), generated from the BBO by a fun-
damental beam with intensity (@) is given by:[2641:42]

in? [Tk
sin? (3

2
(3)

_[red | (

72n2(w) n(2w) 21,

In Equation 5, I is the thickness of the BBO bulk crystal and
n(w) and n(2w) are the refractive indices at frequencies w and
2w, respectively. I, is the coherence length of the BBO crystal,
which is determined by I, = m, with a typical value of
=15 um.23

Using Equation 5 and the known efficiency of a 4 mm-thick-
ness BBO bulk crystal (usually =1-10%),*>* the calculated
efficiency of a 114 pm-thickness BBO crystal (the same value
as the MNW length) is =0.46—4.6%. Therefore, the effective
SHG efficiency of BBO single-crystal MNWs is much higher
than that of a bulk crystal, which can be explained by the much-
tighter confinement of the propagation light in an MNW than
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22  thelight may spread out of the solid core of the
MNW,®! which may decrease the SHG con-
version efficiency due to the reduced strength
of the light MNW interaction. To investigate
the dependence of the SHG conversion effi-
ciency (from a 1064 nm pump to 532 nm
signal light) on the MNW diameter, we meas-
ured the SHG emission from the ends of
9 MNWs with different diameters (see Sup-
porting Information, Figure S4), and obtained
the diameter-dependent SHG efficiency
(Figure 4b). It shows that, when the diameter
of the MNW increases from 0.79 to 2.2 um,
the SHG efficiency increases monotonously
from 2.7% to 8.4%. To explain this depend-
ence, we numerically calculated the Poynting
vector of the lowest-order guiding mode on the cross-section
plane of the MNW using a Comsol Multiphysics finite-element
method (Figure 4c), in which the refractive indices of the MNW
and the substrate at 1064 nm wavelength were assumed to be
1.66 (for BBO) and 1.37 (for MgF,) respectively, and the MNW
diameter was measured by the side length (L) of the triangle
cross-section. It is clearly shown that the optical confinement
of the MNW (i.e., the fractional power inside the triangle cross-
section of the MNW) increases monotonously with increasing
L. When L = 0.7 um, the optical confinement of the MNW is
very weak, with very low fractional power inside the nonlinear
triangle core, indicating low SHG efficiency; when L increases
to 0.8 um, the guiding mode is well confined around the tri-
angle core, but a considerable fractional power is propagated
outside the core; when L increases to 2.2 um, almost all of the
power is confined inside the nonlinear core, resulting in a high
SHG efficiency.

5. Conclusions

In summary, we have reported the synthesis of free-standing
B-BBO MNWs by an organic-free hydrothermal method assisted
with post-annealing. The MNWs showed optical-waveguiding
capability within the visible and near-IR spectral range. By
launching 1064 nm-wavelength picosecond pulses into a single
MNW and guiding them through, an evident SHG signal was
observed, with a SHG conversion efficiency of about 8.4% in
a 2.2 um-diameter, 114 um-length BBO MNW. With an MNW
diameter close to the wavelength of the pump light, we found
that the SHG conversion efficiency increases with the diameter
of the BBO MNW. Our results show that, waveguiding 3-BBO
MNWs are promising 1D building blocks for micro-/nanoscale
nonlinear photonic devices.
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6. Experimental Section

Preparation of BBO MNWSs: BBO MNWs were synthesized by an organic-
free hydrothermal method assisted with a post-annealing procedure. To
start with, 0.01 mol of BaCl,-6H,0, 0.02 mol of NaOH, and 0.02 mol of
H3BO; were dissolved in 15 mL deionized water to form clear solutions.
BaCl, and NaOH solution were mixed and stirred thoroughly to form the
Ba(OH), emulsion under ultrasound irradiation. Then, H3BOj; solution
was dipped into the Ba(OH), emulsion slowly. After continuous stirring
for 30 min, the white slurry was transferred into a stainless-steel autoclave
with polytetrafluorethylene (PTFE) (Teflon) lining (volume 55 mL)
and heated at temperature of 150-200 °C for 5 days in a preheated
oven. A white flocculent precipitate was deposited at the bottom of the
autoclave when the reaction finished. After being filtered and washed with
deionized water and alcohol several times, we got MNWs in the %-BaB,0,
form. To transform the ¥-BaB,0, MNWs to 3-BaB,0, MNWs, we annealed
the ¥BaB,O, MNWs in a horizontal quartz tube furnace (diameter:
55 mm, length: 1200 mm). Briefly, the as-synthesized y-BaB,O, MNWSs
were dipped onto a sapphire substrate after being dispersed with alcohol;
then the sapphire substrate was inserted into the center of the tube
furnace and heated to 700 °C for 1 h with 100 sccm (standard cubic
centimeter) continuous flow of an O, atmosphere. After cooling, the
as-prepared samples were characterized by an SEM and a TEM equipped
with an energy dispersive spectrometer (EDS) detector.

Light Sources: The monochromatic light sources (532 and 671 nm
wavelength) used in the optical measurement were continuous-wave
lasers. The 1064 nm, picosecond pulses (10 kHz repetition rate,
10 ps pulse width) used for SHG were from a 1064 nm-wavelength YVO,
picosecond laser.

Measurement of the Intensities from the BBO MNWs: The angle and
position of the fiber taper were carefully adjusted so that the coupling
was optimized with maximum output observed from the distal end of the
BBO MNW. To keep the coupling efficiency constant, the fiber taper was
horizontally moved along the axial direction of the BBO MNW without
changing the coupling angle between the fiber taper and the MNW. The
output images of the other end of BBO MNW with different propagation
distances were recorded using a calibrated CCD camera (DXM1200F,
Nikon) without saturation. We selected a 60 x 60 pixel area of the
captured image with the output spot in the center, and transformed
the output image from an RGB image into grayscale information using
Adobe Photoshop, and then obtained the normalized output intensity by
summing up the gray values; thus, the corresponding intensities of the
different propagation distances could be obtained.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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