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Synthesis of single-crystal low-loss
LiB;O; nanowire and its optical
properties
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Published: 19 December 2016 . OPtical-quality smgle-crysta! LiB3;O5 (LBO).nanOWIres are synthesized for the first time using a sol-
. gel method. The LBO nanowires possess diameters ranging from 200 to 800 nm and lengths of up
. t0 200 um, and exhibit excellent uniformity, smooth surfaces, and good mechanical properties. A
. typical propagating loss of 0.038 dB/pum at 532 nm is obtained for a 620 nm-diameter nanowire. This is
. adecrease of one order of magnitude compared with that of a 3-BaB,0, (BBO) nanowire with similar
diameter, which makes the LBO nanowire a promising candidate to construct miniaturized nonlinear

photonic devices.

. During the last several decades, many borate-based nonlinear optical (NLO) crystals have been discovered, which

. have greatly expanded the range of laser wavelengths from the near infrared (NIR) through the visible to the

. ultraviolet (UV), and deep-UV spectral regions'~%. Among current NLO crystals, lithium triborate (LiB;O5, LBO)
developed in 1989 by Chen and co-workers® is one of the most important. LBO with orthorhombic symmetry
crystallizes in space group P,,,;, and has lattice parameters a = 8.4473 A, b=7.3788 A, and ¢ =5.1395 A. It has

. favorable NLO properties such as high optical quality, broad transparency range (160 nm-2.6 pm), moderate

. NLO coefficient, wide acceptance angle, small walk-off angle, good mechanical properties and high chemical

© stability®. As a consequence, LBO crystals have been widely used in harmonic generations of high-power pulsed

- lasers in the NIR, visible and UV regions, as well as optical parametric oscillators and amplifiers, and dominate

. the market of NLO borate crystals®-S.

: On the other hand, one-dimensional nanowires also have attracted growing interest in recent years. Their
unique properties and applications make them superior to their bulk counterparts’!!. Among them, NLO crystal
nanowires have received considerable attention due to the practical use of its nonlinear properties in frequency
converter, subwavelength microscopy and other micro-/nanophotonic devices'?"'*. Compared with bulk crystals,

© NLO nanowires can offer tight optical confinement with dense field intensity. The excellent waveguiding capa-

* bility further enhances the light-matter interactions, which may improve its nonlinear characteristics greatly.

. Recently, much progress has been made in the synthesis and applications of NLO crystal nanowires such as

. single-crystalline 3-BaB,0, (BBO), LiNbO;, KNbO; and NaNbO; nanowires and nanorods'**¢. Broadband

: waveguiding capability and efficient second harmonic generation have been demonstrated. These advances reveal

. the potential of NLO crystal nanowaveguides for efficient frequency conversion. Despite these exciting develop-
ments, LBO nanomaterials have hardly been explored. The conversion efficiency of the second harmonic gen-

. eration of LBO is 3 times higher than that of KH,PO, (KDP). The surface damage threshold of LBO is 3.5 times

© higher than that of KDP and 1.6 times higher than that of BBO, which is the highest one among current NLO

© crystals measured so far®. This remarkable feature of LBO over its peers warrants broad prospects for its applica-
tions in nanoscale nonlinear photonics. Therefore, growing LBO nanowires, investigating their optical properties
and application should be of great interests and benefit, and even may lead to the development of other new NLO
crystal nanowires.

Results

Synthesis of single-crystal LBO. A sol-gel method followed by a post annealing procedure was used to
. synthesize single-crystal LBO nanowires. The process of sol-gel is illustrated in Fig. 1a, and detailed description
. please refer to the Methods part of this paper.

National Laboratory of Solid State Microstructures, Collaborative Innovation Center of Advanced Microstructures
and College of Engineering and Applied Sciences, Nanjing University, Nanjing 210093, China. Correspondence and
requests for materials should be addressed toY.-Q.L. (email: yglu@nju.edu.cn)

SCIENTIFICREPORTS | 6:39389| DOI: 10.1038/srep39389 1


mailto:yqlu@nju.edu.cn

www.nature.com/scientificreports/

a) b) 100 ] 25 g
i r2.0 <
((LoH ] [ HNO, ) 0 8
= 80 13 8
- ; 70 1.0 %
stirring 2 05 )
, —— = 601 r05 3
H,BO LiNO Cit d o
[ 3| 3 ] [ NGO, ] [ IrICiaCI ] 50 | Lo é
- 0 200 400 600 800 1000 1
v Shring Temperature (°C)
sol C)
90°C, 4 h

o)
i 150-180 °C, 1-2 days
Eogel
! 800 °C, 2 hour, Ar
LBO NWs |

Figure 1. (a) Synthesis of LBO nanowires. (b) DSC-TGA curve of the xerogel powder. (c) FE-SEM image of a
typical LBO nanowire with a diameter of 400 nm and length of 85 pm.
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Figure 2. XRD pattern of (a) as-synthesized LBO nanowires and (b) LiB;0; (JCPDS file no. 79-1695).

To determine the annealing temperature of the brown xerogel, the powder was characterized by a SETARAM
Labsysl16 differential scanning calorimetry-thermogravimetric analysis (DSC-TGA). As illustrated in Fig. 1b, the
DSC-TGA curve contains a peak around 839 °C, which is consistent with the melting point of LiB;Os. Therefore,
800 °C should be a suitable temperature to anneal the xerogel powder. So the xerogel was placed in a crucible
and heated in a muffle furnace at 800°C for 2h. An argon flow of 100 sccm was passed through the quartz tubes
during annealing. After annealing, loose powder with a decreased volume and weight compared with those of the
xerogel was obtained. The solid powder was washed with deionized water and alcohol several times to remove
non-oxidized carbon residues, and finally dried at 60 °C in air.

A Hitachi S-3400N II field-emission scanning electron microscopy (FE-SEM) was used to examine the
as-synthesized products. The obtained nanowires have a diameter of 200 to 800 nm and length of 40 to 200 pm.
An FE-SEM image of a typical nanowire with a diameter of 400 nm and length of 85 pum is shown in Fig. lc.

Characterization of LBO with X-ray powder diffraction (XRD). XRD on a Rigaku Ultima III system
with high-intensity Cu K, radiation was used to examine the crystal structure and phase composition of the nano-
wires; the results are presented in Fig. 2a. The XRD pattern coincides well with the Joint Committee on Powder
Diffraction Standards (JCPDS) file No. 79-1695 (Fig. 2b), from which the nanowires can be indexed appropriately
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Figure 3. FE-SEM images of typical LBO nanowires with (a) a diameter of 710 nm and length of 194um, (b) a
diameter of 300 nm and length of 178 pum and an “S” shape, and (c) a diameter of 350 nm and length of 37 um
and a “U” shape. The inset of (a) shows a close-up image of the end of the nanowire with a perfect ridge end
face. (d) Low-magnification TEM image of a single LBO nanowire with a diameter of 265 nm. The inset shows
its corresponding SAED pattern.

as orthorhombic LiB;O;. The fitting crystalline parameters are a = 8.4473 A, b=7.3788 A, and ¢ =5.1395 A. The
peaks marked by triangle symbols indicate the existence of the Li;(B,;O,,) (JCPDS file No. 80-0672) as an impu-
rity. The refinement of as-synthesized products ensures the relatively pure nanowires for subsequent structural
and optical characterization.

Characterization of LBO with FE-SEM and TEM. The morphology and microstructure of the
as-synthesized LBO nanowires were further characterized by means of FE-SEM and transmission electron
microscopy (TEM) on a JEOL JEM-2100 system, as illustrated in Fig. 3. An FE-SEM image of a typical LBO nano-
wire with a diameter of 710 nm and length of 194 pm, corresponding to a length-to-width aspect ratio of about
270, is provided in Fig. 3a. The close-up FE-SEM image shown in the inset of this figure reveals the rectangular
cross-section and perfect ridge end face of the nanowire. An “S”-shaped LBO nanowire (diameter =300 nm) and
a “U”-shaped LBO nanowire (diameter = 350 nm) modeled by a nanofiber taper are presented in Fig. 3b and c,
respectively. Compared with the “S”-shaped LBO nanowire, the “U”-shaped LBO nanowire is smooth and flexi-
ble even though it is only 37 pm long. The easy shaping and good mechanical properties of LBO nanowires make
them promising as 1D building blocks for various complicated nanoscale nonlinear photonic devices.

A low-magnification TEM image of a single LBO nanowire with a diameter of 265 nm is shown in Fig. 3d.
The LBO nanowire exhibits excellent diameter uniformity and high surface smoothness. The inset shows the
corresponding selected-area electron diffraction (SAED) pattern, which confirms that the nanowire is single crys-
talline. The lattice spacing along the axial direction determined from the SAED pattern is 0.544 nm, which can be
indexed as the [110] direction according to the d value obtained from the XRD results in Fig. 2. It is well known
that many crystalline materials usually exhibit an anisotropic preferential growth direction. In the case of LBO,
the largest spacing between crystal planes is 0.556 nm and occurs in the [110] direction'?, which is consistent with
the lattice spacing of 0.544 nm determined from the SAED pattern. The exposed [110] crystal plane has the lowest
surface energy of the planes of LBO, so the nanowires intent to grow along the [110] direction.

The measurement on the optical propagation loss of LBO nanowire. The NLO crystal nanowires
are good candidates as building blocks in micro-/nanophotonic integrated circuits. Although our LBO nanowire
shows favorable microscopic profiles, the optical proprieties should be characterized to ensure their functionality.
For this purpose, high-quality optical waveguides with low propagation loss are prerequisite for corresponding
devices. Since bulk LBO crystals have been widely used in second harmonic generation of 1064 nm Nd:YAG
lasers, here we chose 532 nm to measure the loss in a single LBO nanowire waveguide under a microscope.
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Figure 4. (a) Schematic illustration of the experimental setup for optical coupling and loss measurement of a
single LBO nanowire. (b) Bright-field and dark-field optical microscopy images of 532-nm light transmitting
through an LBO nanowire with a diameter of 620 nm and length of 172 um. (c) The propagation-distance-
dependent normalized output intensities of the LBO nanowire used in (b) at 532 nm. The solid curve shows the
fitting of the experimental results.

The experimental setup for the optical coupling and loss measurement in a single LBO nanowire is sche-
matically illustrated in Fig. 4a. LBO nanowires were transferred to the polished surface of the MgF, substrate
using a nanoscale fiber taper. The fiber taper was drawn from a standard optical fiber (Corning SMF-28) using a
flame-heated drawing technique'®. To efficiently launch light into a single LBO nanowire, we used the evanescent
coupling technique through the nanoscale fiber taper mounted on a 3D moving stage. The output signal from the
LBO nanowire was collected through an objective lens and then imaged by a calibrated charge-coupled-device
(CCD) camera. All the measurements were performed at room temperature.

Figure 4b presents bright- and dark-field optical microscopy images of 532-nm light coupling from a fiber
taper to a LBO nanowire with a diameter of 620 nm and length of 172 pm. Light was coupled into and guided
along the axial direction of the LBO nanowire. Evident output was scattered from the end, and almost no scat-
tering was observed along the entire length of the nanowire, demonstrating the excellent optical waveguiding
capability of the LBO nanowire.

A propagation-distance-dependent output measurement was used to evaluate the propagation loss of the
LBO nanowire!*!*-21, The angle and position of the fiber taper were carefully adjusted so that the coupling was
optimized to give maximum output from the distal end of the LBO nanowire. To keep the coupling efficiency
constant, the fiber taper was horizontally moved along the axial direction of the LBO nanowire without changing
the coupling angle between the fiber taper and nanowire. The output images of the end of the LBO nanowire at
different propagation distances were recorded using the CCD camera without saturation. Then, we selected a
50 x 50 pixel area of the captured image with the output spot in the center and transformed the output image
from a RGB image to gray level information using Adobe Photoshop. The normalized output intensity was finally
obtained by summing up the gray values.

Light- and dark-field images were obtained with different launching positions of the fiber taper (Fig. 4b).
The propagation distance of the LBO nanowire was measured from the light-field image while the output inten-
sity was obtained using the dark-field image. Generally, the output intensity I(x) of a nanowire exponentially
decreases along the axial length as

I(x) =1, x e o, (1)

where I, is the initial intensity, x is the local position along the length, and L, is the propagation length. The prop-
agation loss « is inversely proportional to L,

o= —10 x log(l/e) _ 4.343
L, L, (2)

Both L, and « can be obtained by measuring the output intensity of the LBO nanowire at different x. Figure 4c
displays the propagation-distance-dependent normalized output intensities of the same LBO nanowire as in
Fig. 4b at 532 nm along with the solid fitting result. According to the obtained L, of 114.5 pum at 532 nm, the cal-
culated a was 0.038 dB/pm.
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Discussion

Compared with our previous work on NLO crystal nanowires (o =0.30 dB/pm at 532 nm for a BBO nanowire with
a diameter of 580 nm)', the propagation losses of the LBO nanowire obtained here are decreased by one order of
magnitude. This indicates the LBO nanowire waveguide has better propagating properties than the BBO nanowire
waveguide. The low loss of the LBO nanowire investigated here originates from its smooth surface. Our results indi-
cate that LBO nanowire waveguides synthesized using the sol-gel method exhibit excellent propagating qualities.
Using LBO nanowires as optical waveguides will enable us to obtain high light intensities with a moderate power and
make it possible to extend the practical use of its nonlinear properties in micro-/nanophotonic integrated devices.

The propagation loss of the LBO nanowires in this work is still relatively high in comparison with the absorption
loss in LBO bulk crystals, which is 5 x 103cm™" (0.25 pm< A <2.5um)? This should be attributed to the nanoscale
imperfect surface uniformity of the wires compared with that of well-polished bulk crystals. The propagating light
leaking into the substrate can also cause some extra loss. To suppress the light propagation attenuation, the fabricating
and measuring techniques could be improved. A larger nanowire diameter is desired as the loss decreases with increas-
ing diameter?'. In addition, we may select longer operation wavelength according to previous work, where lower loss
were obtained in the red and infrared bands'***2!. Since at least two wavelengths should be involved for nonlinear
processes, the parametric down-conversion applications may even have lower general losses than that of frequency
doubling. As frequency down-conversion is a fundamental solution for many classical and quantum light sources, we
believe our LBO nanowire would find more exciting applications in future miniaturized nanophotonic devices.

In summary, we fabricated optical-quality single-crystal LBO nanowires for the first time using a sol-gel
method assisted by post annealing. The resulting LBO nanowires possessed diameters ranging from 200 to
800 nm and lengths of up to 200 pm. They displays excellent uniformity, smooth surfaces, good shaping and easy
handling properties. Based on a propagation-distance-dependent output measurement, a typical propagation
loss of 0.038 dB/pum at 532 nm was obtained in a LBO nanowire with a diameter of 620 nm. It is one order of
magnitude lower than that of BBO nanowires with a diameter of 580 nm (0.30 dB/pm at 532 nm). Such optical
propagation characteristics of LBO nanowires make them promising elements to build miniaturized photonic
devices such as nanoscale frequency-converters and nonlinear optical-modulators.

Methods

Recipe of sol-gel process to synthesis LBO nanowire. Commercial high-purity LiOH-H,O (0.05mol),
H;BO; and HNO; (65%) with a molar ratio of 1:3:1 were separately dissolved in deionized water (15 ml) to form
clear solutions. As illustrated in Fig. 1a, LIOH and HNO; solutions were mixed and stirred thoroughly to form a
LiNO; solution as shown in Eq. (3). H;BO; solution was then added into the generated LiNO; solution, as shown
in Eq. (4). An appropriate amount of citric acid was added to improve the conformation of the sol. Citric acid
was added also to promote the formation of LBO nanowires. After continuous stirring for about 4h at 90°C, a
homogeneous white gel was obtained. The white gel was dried at 150-180°C in an oven for 1-2 days, resulting in
a brown xerogel.

LiOH + HNO; — LiNO; + H,0, (3)

3H,BO, + LiINO, — LiB,0, + HNO, + 4H,0 )

References
1. Becker, P. Borate Materials in Nonlinear Optics. Adv. Mater. 10, 979-992 (1998).
2. Chen, C,, Lin, Z. & Wang, Z. The development of new borate-based UV nonlinear optical crystals. Appl. Phys. B 80, 1-25 (2005).
3. Hu, Z. G., Yoshimurab, M., Morib, Y. & Sasakib, T. Design and growth of new NLO crystals for UV light generation. J. Cryst. Growth
275, 232-239 (2005).
4. Chen, C. T, Bai, L., Wang, Z. Z. & Li, R. K. Development of new NLO crystals for UV and IR applications. J. Cryst. Growth 292,
169-178 (2006).
5. Chen, C. T. et al. New nonlinear-optical crystal: LiB305. J. Opt. Soc. Am. B 6,616-621 (1989).
6. Kato & K. Tunable UV generation to 0.2325um in LiB305. IEEE J. Quantum Elect. 26, 1173-1175 (1990).
7. Velsko, S. P, Webb, M., Davis, L. & Huang, C. Phase-matched harmonic generation in lithium triborate (LBO). IEEE . Quantum
Elect. 27,2182-2192 (1991).
8. Nikogosyan, D. N. Lithium triborate (LBO). Appl. Phys. A 58, 181-190 (1994).
9. Xia, Y. N. et al. One-Dimensional Nanostructures: Synthesis, Characterization, and Applications. Adv. Mater. 15, 353-389 (2003).
10. Lieber, C. M. & Wang, Z. L. Functional Nanowires. MRS Bull. 32, 99-108 (2007).
11. Yan, R. X,, Gargas, D. & Yang, P. D. Nanowire photonics. Nat. Photon. 3, 569-576 (2009).
12. Nakayama, Y. et al. Tunable nanowire nonlinear optical probe. Nature 447, 1098-1101 (2007).
13. Dutto, E, Raillon, Schenk, C. K. & Radenovic, A. Nonlinear Optical Response in Single Alkaline Niobate Nanowires. Nano Lett. 11,
2517-2521 (2011).
14. Qu, G. Y, Hu, Z. F, Wang, Y. P, Yang, Q. & Tong L. M. Synthesis of Optical-Quality Single-Crystal 3-BaB204 Microwires and
Nanowires. Adv. Funct. Mater. 23, 1232-1237 (2013).
15. Magrez, A. et al. Growth of Single-Crystalline KNbO3 Nanostructures. J. Phys. Chem. B 110, 58-61 (2006).
16. Huang, J. Y. et al. Synthesis and waveguiding of single-crystalline LINbO3 nanorods. Appl. Phys. Lett. 98,093102 (2011).
17. Radaev, S. F, Maximov, B. A,, Simonov, V. I, Andreev B. V. & Dyakov V. A. Deformation density in lithium triborate, LiB;Os. Acta
Cryst. B48, 154-160 (1992).
18. Tong, L. M. et al. Subwavelength-diameter silica wires for low-loss optical wave guiding. Nature 426, 816-819 (2003).
19. Pyayt, A. L., Wiley, B., Xia, Y., Chen, A. & Dalton, L. Integration of photonic and silver nanowire plasmonic waveguides. Nat.
Nanotechnol. 3, 660-665 (2008).
20. Ma, Y. G. et al. Direct measurement of propagation losses in silver nanowires. Opt. Lett. 35, 1160-1162 (2010).
21. 1i, X. Y, Guo, X,, Wang, D. L. & Tong, L. M. Propagation losses in gold nanowires. Opt. Commun. 323, 119-122 (2014).
22. Pylneva, N. A., Kononova, N. G., Yurkin, A. M., Bazarova, G. G. & Danilov, V. I. Growth and non-linear optical properties of lithium
triborate crystals. J. Cryst. Growth, 198/199, 546-550 (1999).

SCIENTIFICREPORTS | 6:39389 | DOI: 10.1038/srep39389 5



www.nature.com/scientificreports/

Acknowledgements

This work was sponsored by National 973 program under Contracts No. 2012CB921803 and the National Natural
Science Foundation of China (Grants No. 61490714, No. 61225026 and No. 11604144), and by the Program for
Changjiang Scholars and Innovative Research Team at the University under Contract IRT13021.

Author Contributions

G.-Y.Q. and C.-W.Y. contributed to the synthesis of LBO nanowire and the characterization with XRD, FE-SEM
and TEM. G.-X.C. helped G.-Y.Q. and C.-W.Y. carried out the experiments on optical coupling and loss
measurement of LBO nanowire. X.-J.Z. gave some advices on the synthesis and characterization of LBO nanowire.
Y.-Q.L. supervised the project. All authors reviewed the manuscript.

Additional Information
Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Qu, G.-Y. ef al. Synthesis of single-crystal low-loss LiB;O5 nanowire and its optical
properties. Sci. Rep. 6, 39389; doi: 10.1038/srep39389 (2016).

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

G or other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2016

SCIENTIFIC REPORTS | 6:39389| DOI: 10.1038/srep39389 6


http://creativecommons.org/licenses/by/4.0/

	Synthesis of single-crystal low-loss LiB3O5 nanowire and its optical properties

	Results

	Synthesis of single-crystal LBO. 
	Characterization of LBO with X-ray powder diffraction (XRD). 
	Characterization of LBO with FE-SEM and TEM. 
	The measurement on the optical propagation loss of LBO nanowire. 

	Discussion

	Methods

	Recipe of sol-gel process to synthesis LBO nanowire. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ (a) Synthesis of LBO nanowires.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ XRD pattern of (a) as-synthesized LBO nanowires and (b) LiB3O5 (JCPDS file no.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ FE-SEM images of typical LBO nanowires with (a) a diameter of 710 nm and length of 194 μ​m, (b) a diameter of 300 nm and length of 178 μ​m and an “S” shape, and (c) a diameter of 350 nm and length of 37 μ​m and a “U” shape.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ (a) Schematic illustration of the experimental setup for optical coupling and loss measurement of a single LBO nanowire.



 
    
       
          application/pdf
          
             
                Synthesis of single-crystal low-loss LiB3O5 nanowire and its optical properties
            
         
          
             
                srep ,  (2016). doi:10.1038/srep39389
            
         
          
             
                Guang-Yuan Qu
                Cheng-Wei Yang
                Guo-xin Cui
                Xue-Jin Zhang
                Yan-Qing Lu
            
         
          doi:10.1038/srep39389
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 The Author(s)
          10.1038/srep39389
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep39389
            
         
      
       
          
          
          
             
                doi:10.1038/srep39389
            
         
          
             
                srep ,  (2016). doi:10.1038/srep39389
            
         
          
          
      
       
       
          True
      
   




