ISSN 2408-9419. BicHuk [HinponeTpoBcbKoro yHiBepcutety. Cepia «®isuka. PagioenektpoHika». Bun. 22 T.23, 2015
Visnik Dnipropetrovs’kogo universitetu. Seria Fizika, radioelektronika. Issue 22. V. 23, 2015

UDC 539.234:539.216.2
M. P. Dergachov*, V. N. Moiseyenko, O. O. Spichak, N. A. Kutseva

Oles Honchar Dnipropetrovsk National University, Dnipropetrovsk, Ukraine
*e-mail: dergachov-mp@dsu.dp.ua

THE PECULIARITIES OF THE LITHIUM BORATES STRUCTURE
FORMATION INTO SYNTHETIC OPAL PORES

A possibility of the embedding of nonlinear optical materials from lithium borates group (Li,B,O,
LiKB4O7, and LiB3Os) in pores of synthetic opals from the melt is investigated. The solid state formation in
opal pores is made by slow cooling the opal — dielectric sample. The phase composition identification of
lithium borates in opal pores is performed by the powder X-ray diffraction and Raman scattering methods.
The filling grade of embedded substance is determined by measuring Bragg reflection spectra. An existence
of Li,B,O; and a-SiO, crystalline phases in opal pores is found. A mechanism of the a-quartz phase
formation as a consequence of the opal globule surface melting, caused by the local discharge of additional
heat due to lithium — oxygen exaothermic reaction, with the following crystallization of the melt. Temperature
of the warming-up of opal globule surface is estimated. Crystalline phase in the pores of opals soaked with
LiKB4O; or LiBsOs melts is not detected in the corresponding Raman scattering spectra. Difficulties in
obtaining of “opal - LiKB,4O-, LiB3Os” composites are discussed with taking into account the values of
melting temperature of the embedded substances and viscosity of their melts.
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JlocaiKyeThes MOAKINBICT BBeeHHsI HeJIiHifHO-oNTHYHMX MaTepiamiB rpynu OopartiB JjiTiio
(Li,B4O4, LiKB4O; i LiB30s) y mopu cHHTeTHYHHX ONMATIB 3 po3miaBy. YTBOpeHHs TBepaoi (asu y mopax
onana 3AjlicHIOBalI0Ch y mpomneci MOBLILHOIO 0XO0JI0M:KeHHs1 3pasKkiB onai-mienekTpuk. Inentudikanis
(azoBoro ckiaxy Oopatis JiTii0 y mopax onajaoBoi MaTpHLi MPOBOAKWIACH METOJAMH peHTreHoga3oBoro
aHaJi3y Ta ceKTpockonii komo0iHaniiiHoro posciloBanns cBityia. CTyniHb 3a110BHeHHSI IOP PEeYOBUHOIO, 1110
BBOIUTHCS, BH3HAYAIACH LILISIXOM BHMIPIOBAaHHSI CHeKTpiB OperiBchbkoro Bin0uBanHsA. BcTaHoBieHo
HAsIBHICTH y mopax omaja kpucratiunoi ¢gasu Li,B,O; Ta a-SiO,. 3anponoHoBanuii MexaHi3M yTBOpeHHS
KpucTajgiuHoi ¢a3m o-kBapuy, KMl IDYHTYEThCSl Ha ILUIABJEHHI MOBepXHi IJI00y/1 onmajda BHACTIIOK
JIOKATLHOT0 BMLJIEHHSI /I0JATKOBOI TeIIOBOI eHepril 3a paxyHOK MNpPOTiKaHHS eK30TepMiyHOI JiTii —
KHCHeBOI peakuii, Ta HacTymHoi kpucTamizanii posnnaBy. HaBegena oniHka TemmepaTypu po3irpiBy
noBepxHi rj00yJ onaja. 3a pe3yJbTaTaMi BHUMIpPIOBaHbL CHEKTPiB KoMOiHamiliHOro posciloBaHHs cBiTJIa
3paskiB, mpocodenux y posmiaBax LiKB,O; a6o LiB;Os, kpucratiuna ¢a3a y nopax onaja He BUSIBJIEHA.
Tpyaunousi B orpuManni kommo3uTis “omai - LiKB4O;, LiB;Os” 06roBopioiThest 3 BpaxyBaHHsIM 3HAY€Hb
TeMIepaTypH IJIaBJeHHS Pe4OBHH, 1110 BBOAUTLCS, Ta B’ SI3KOCTI iX po3nJiaBiB.

KiouoBi cjioBa: cuHTeTHYHMIT omait, 60paTH JITio, 0-KBapll, peHTreHo(a30BHi aHali3, KOMOIHaIiiHe
PO3CItOBaHHS CBITJIA.

H3ydyeHa BO3MOKHOCTH BBe/IeHUsI HeIMHEHHO-ONTHYECKHX MAaTepHAaJIOB IPYNINbl 60PATOB JIUTHS
(Li;B407, LIKB4O7 u LiB30s) B mopbl CHHTETHYECKHX ONAJIOB M3 paciiiaBa. @opMUpOBaHHe TBEPaOi
(¢a3pl B Mopax omaja OCYLIeCTBJSJIOCH B Ipolecce MeJJeHHOr0 OXJaxkIeHUs 00pa3loB omaJ-
amyiekTpuk. Wnentuduxanus ¢azoBoro cocraBa 0opaToB JMTHA B NMOpaxX ONAJ0BOH MaTpPHIbI
MPOBOIMJIACH METOJAMH PeHTreHo()a30BOr0 AaHAJIN32 U CEKTPOCKONMHHN KOMOMHAIIMOHHOTO PaccestHus
cBera. CreneHb 3aMoJHeHHUsI MOP BBOAUMBIM BeIleCTBOM OMpe/ie/Isiach MyTeM H3MepeHHUs CeKTPOB
OP3rroBCKOro OTPaKeHUsl. YCTAHOBJIEHO HAJIMYME B NOPax onajia Kpucrauimyeckoi ¢assr Li,B,O; u
a-SiO,. Mpenioken MexaHH3M 00pa30BaHHs KPHCTAIMYECKOil (a3hl O-KBapua, OCHOBAHHbIH Ha
IUIABJIEHUH TIOBEPXHOCTH IJIO0Yy/] omaja BeJeACTBHE JIOKAILHOIO BblIeJeHUs AOMOTHUTEIbHOI
TEeIUIOBOM JHEPrud 3a CcYeT NPOTEKAHHS 3JK30TePMHYECKOl JUTHI — KHCJIOPOJHOI peakuuu, H
nocJieAyoneii Kpucrajuimanuu paciiasa. Ilpusenena oneHka TeMneparypbl pa3orpesa 0BepXHOCTH
r;100y.1 onana. Ilo pesyabTaTaM n3MepeHHuii CIeKTPOB KOMOMHAIIMOHHOIO paccestHUsI CBeTa 00pa3ioB,
npomoueHHbix B pacmiaBax LiKB,O; wam LiB3Os, kpucrasiundeckas ¢a3a B mopax omajia He
BbIsiBjIeHa. TpyaHocTH B mosiydeHuu kommosutos “oman - LiKB,O; LiB3;Os” o6roapusarorcs ¢
Y4eTOM 3Ha4YeHMii TeMIepaTyphl NJIaBJIeHUs BBOAUMBIX BellleCTB U BSI3KOCTH UX PacIIaBoB.

KiioueBble cjI0Ba: CHHTETHYECKHMI omam, OopaThl JHTHSA, O-KBapl, PEHTTeHO(A30BBIH aHaIu3,
KOMOWHAITIOHHOE PAacCesHUE CBETA.
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1. Introduction

One of the promising trends in photonics and nonlinear optics is a creation of
photonic crystals (PCs) - nanostructures which are characterized by 2D or 3D modulation
of refractive index with a period, comparable to the light wavelength. The dispersion law
of photons in such medium is radically different from that in ordinary crystals. The main
feature is an existence of energy gap in photon spectrum due to a multiple interference of
electromagnetic waves [1].

One of the representatives of PCs may be globular synthetic opals (SO’s) composed
of amorphous SiO, globules with a diameter about 200-250 nm. The globules form a
face-centered lattice with a period ~ 165-205 nm. Octahedral and tetrahedral pores
between the globules are connected with each other through channels. An average size of
the pores is varied from 50 nm to 200 nm [2, 3]. Such porous structure can be filled with
different compounds whose properties may be controlled by varying the globule diameter
and, respectively, the pore linear size. Moreover, nanostructures obtained in such a way
may exhibit unique properties which are not inherent to composing materials.

The embedding of materials with a high nonlinear optical susceptibility ¥ and x®
into opal pores is of a particular interest. The second optical harmonic generation in SO’s
filled with BaTiO; or NaNO, has been observed in [4], and a possibility of parametric
down - conversion in SO’s with Ba(NOs3),, LilO; or KH,PO, have been discussed in [5].
So, the searching for other nonlinear optical materials which can fill the opal pores and
the working out of methods of their embedding are topical. Some substances from lithium
borates family such as Li,B,0; (LB4), LiKB,O; (LKTB), and LiB3Os (LBO) were chosen
for solving these purposes in the work. These compounds are very wide transparent (from
vacuum ultraviolet to near-infrared spectral region); they have sufficient nonlinear optical
susceptibility together with a good radiation resistance and high damage threshold [6].
LBO and LB4 single crystals are prospective for generation of the higher order optical
harmonics [7]. LKTB is a new piezoelectric material with nonlinear optical properties no
worse than other lithium borates [8, 9].

2. Samples and characterization technique

Initial bulk SO’s were grown by sedimentation of SiO, globules in accordance with
the Stober method [10]. After solvent evaporating, the samples were dried in air and then
annealed at 400 K and 1025 K for one and two hours, respectively, in order to extract
water and organic residuals. The samples were in the form of plates with mean
dimensions about 1.0x1.0x0.1cm®.

The globule diameter D and the distance A between the (111) growth planes formed
by the globule layers were determined from the spectral position position A, of the

reflection peak as follows A, (0) = 2A4/ecx —sin0. where o is an angle of the incidence

light beam, €. is an effective dielectric constant, and D = A+/3/2 .

Raman spectra of the initial and infiltrated opals were excited by a 532 nm DPSS
laser radiation with an average power of 100 mW. The spectra were measured in the
backward scattering geometry. The scattered radiation was collected in the [111]
direction of opal by using lens with an aperture no more than 0.17x sr. Analysis of
scattered radiation was performed with the use of modernized spectrometer DFS-12.
Registration of a useful signal was carried out in a regime of photon counting with
accumulation. X-ray diffraction patterns of the samples were obtained with using the
diffractometer DRON-2 (Cu K, radiation).
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3. Pore filling procedure

The pore filling is usually carried out either by soaking opal with a melt (or a solution) of
the desired compound [11] or by the melt synthesis method, when the desired compound is
synthesized in opal pores through chemical reaction [12]. The first way was chosen in our case.

At first, LB4 or LKTB polycrystalline powder with a thickness up to 0.25 mm was
placed on or under opal surface, and then the whole system was placed on various substrates
such as fused quartz or silicon. As it was difficult to make LBO polycrystalline powder due to
its great hardness, the small rocks of LBO single crystals were used. At the second stage, each
system was slowly heated in a resistance furnace up to the melting temperature of the filler
(T = 1190 K for LB4, T;, = 913 K for LKTB, and 7; = 1108 K for LBO, the last value is a
decomposition temperature), and then was maintained at temperatures higher than the melting
one by 5-10 K for an interval from 0.5 minutes to 15 minutes. Thereafter, the samples were
cooled down to room temperature at an average cooling rate of 3 K/min.

4, Results and discussion

The reflection spectra of the obtained samples may serve as a criterion of the filling
grade of embedded substance. One weak broad band with maximum at 630 nm is observed in
the spectra. An independence of its spectral position on light incident angle may testify that it
is originated rather from Rayleigh multiple scattering than Bragg diffraction.

The evolution of Raman spectrum of opal soaked with the LB4 melt via the time
soaking was previously discussed in [13]. For the shortest soaking time (0.5 min) it contains
broadened bands which are shifted to the low-frequency region compared with those in
Raman spectrum of LB4 single crystal. For a soaking duration longer than 0.5 min the bands
assigned as the shifted LB4 ones disappear and the spectrum becomes absolutely identical to
the a-quartz Raman spectrum. The X-ray diffraction pattern demonstrates the formation of a
crystalline phase with the remains of amorphous phase of initial opal (Fig. 1).
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Fig. 1. X-ray diffraction spectrum of the crystalline a-quartz (1) [14], the opal-LB4 composite with a
duration of the soaking for 3 minutes (2), and the initial opal (3).

To explain the results let us consider phenomena in contact zone of the LB4 melt
with opal globules. While maintaining temperature slightly above the LB4 melting one,
lithium ions start reacting with oxygen in the air. It is an exothermic reaction with heat
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releasing of AH = - 1198 kJ for 4 moles of Li. Due to its low thermal conductivity, the
nearest opal surrounding is locally heated up to the melting temperature of fused silica
with the following crystallization in o-quartz phase under cooling. The value of local

heating temperature can be estimated by the expression T = 7, + B-AH /(4c,, ) where B is
the Li number in chemical formula, and ¢, is a molar heat conductivity. The latter may
be calculated by the expression C, = a+bT +cT 2 where a, b, and ¢ are constants

taken from [15]. The value of B-AH /(4 c ) is estimated for LB4 as no more than 1120 K.

It is quite enough to exceed the melting temperature of fused quartz (assigned as 2000 K).
This explanation may be examined for opals filled with other lithium-containing
substance. No structural transformations were observed in opals which were filled with
LilO3 by using similar melted technique [16]. The possible heating should not result in
melting the surface of globules because of the lower values of LilO; melting temperature

(Tm = 693 K) and BAH /(4c,,) (evaluated as 1033 K).

The Raman spectra of opals soaked with the LKTB and LBO melt are quite different
from the spectra of corresponding crystalline powders, and have several wide overlapped
bands (Fig. 2).
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Fig. 1. Raman spectra of opals soaked with LKTB (1) and LBO (2) melts, polycrystalline powders of
LKTB (1a) and LBO (2a), and initial opal (3).
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These spectra are similar to the initial opal spectrum, but not absolutely identical.
This fact allows proposing the embedding of LKTB and LBO into opal matrix and the
existence of these substances in amorphous state. Besides, the high viscosity of the
selected compounds [17] should prevent their deep penetration into pores of synthetic
opal. A crystalline a-quartz phase is not formed in both cases. For LKTB, the estimated

values of the melting temperature and BAH / (4c,) are not enough in order to start

melting the globule surface. In case of LBO, the decomposition at 1108 K may result in
forming the new compounds and the mechanism discussed above may not be effectively
realized.

5. Conclusions

The mechanism of the a-quartz phase formation in opals soaked with the LB4 melt
is most probably due to the local melting of opal globules due to lithium-oxygen
exothermic reaction with the following crystallization. The possible reasons for an
absence of any crystalline phase in opals filled with other lithium borates are the lower
melting temperature (in case of LKTB) and possible chemical decomposition of LBO.
The obtaining of perfect “opal — lithium borates” composites is also complicated by the
high viscosity of the melts of mentioned compounds.
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