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Abstract. We present the results on the crystallization of photo-thermo-refractive glass
under thermal poling and ultraviolet (UV) irradiation followed by heat treatment. Poling was
carried out at a temperature of 300 °C and a voltage of 400-1000 V. A femtosecond laser with
a wavelength of 343 nm was used as UV sources. The studies were carried out using optical
microscopy, optical absorption and Raman scattering. It is shown that in the subanode layer of
the glass after poling, subsequent UV irradiation and heat treatment, crystallization of glass is
completely suppressed. After the poling and the heat treatment cesium ions are also recharged
in this layer Ce** — Ce*". The mechanisms of the crystallization suppression and ion recharge
in the poled region of the glass are discussed.
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AnHoranmusa. IlpencraBieHbl  pe3yabTaThl  MCCIENOBAaHUSA  KpUCTaIM3amuud  GoTo-

TepMOpe(dpPaKTUBHOTO CTeKIa TMPU TEPMUUYECKOM TONMHTE U yiabTpaduoseroBom (YD)
00JryueHuH ¢ Tocyenyoueil TepmooodpadoTkoii. [TonuHr npoBoauics npu temnepatype 300 °C
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u HanpspkeHuu 400-1000 B. B xauectBe mcTtouHMKOB Y® u3ydeHUs] UCIIOJIb30Bajach 3-s
rapMoHukKa (beMTOCEKYHIHOTO Jla3epa ¢ JJIUHOM BOJHBI 343 HM. MccaenoBaHust MPOBOANINCH
METOJAaMM ONTUYECKOI MUKPOCKOITMH, OIITUYECKOTO MOIJIOLIEHUSI 1 PAMaHOBCKOTO pacCestHUS.
[MokazaHo, 4YTO B NIPUAHOMHOM CJIO€ CTEKJIa MOCJe MOJMHTa, nocieaytoiiero Y® obaydeHus
W TepMOOOpPabOTKM KPUCTAJUIM3aIMs CTEKJIa TOJIHOCThIO monapisercs. Ilocie monwHra m
ToCJIeAyIoNIeil TepMOOOPaOOTKN B 3TOM CJIO€ MPOUCXOAUT TAKXKe Tepe3apsiaKka MOHOB 1e3Ust
Ce’t — Ce**. O0CYKIar0TCsI MEXaHU3MBbI MTOAABACHMUSI KPUCTA/UIM3ALMU U Iepe3apsiikKi MOHOB
B IOJISIPM30BAHHOI 00J1aCTU CTEKIIA.

KioueBbie coBa: (hOTOUYBCTBUTEIBHBIC CTEKJIA, TEPMHUUECKU MOJWHT, YO o6ayueHUE,
TepMuyecKass 00paboTKa, KpUCTAIA3aNs
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Introduction

Photocrystallized glasses [1] are used in various fields of optics, such as holography, photonics,
sensors, laser technology (see [2, 3] and references therein). Under the influence of UV radiation
in the absorption band of trivalent cerium, its charge exchange occurs, and an electron is captured
by a silver ion: Ce** + hv + Agt — Ce** + Ag’ [1]. Subsequent heat treatment at 500 °C leads to
the formation of silver clusters, which are the crystallization centers of the glass occurring under
heat treatment at 600 °C. With local excitation by UV radiation and subsequent heat treatments,
local photothermoinduced crystallization of the glass occurs, which is used to create various
2D and 3D structures, such as Bragg gratings for lasers and holographic optical elements [2].
An important factor is also the difference in the rate of chemical etching of the crystalline and
amorphous phases in such glasses, which makes it possible to create relief structures at the surface
and inside photo-thermo-refractive glasses, e.g. microfluidic chips [3]. A common method of
modifying glasses is also thermal poling, the essence of which lies in placing a glass plate between
electrodes (flat capacitor configuration) and heating to a temperature at which noticeable ionic
conductivity appears (~ 300 °C), with subsequent application of voltage to the electrodes [4]. As a
result, the composition and structure of the subsurface layer of glass changes, and the layer itself
acquires a set of new properties, e.g. the second-order optical nonlinearity [5]. The aim of this
work is to study the effect of thermal poling on photothermally induced crystallization of the glass
and the processes of charge recharging of cerium ions.

Experiments and results

In the experiments, we used synthesized alumina-lithium-silicate glass with the following
composition (in weight % of oxides): 75.5% of SiO,; 10.44% of Li,0; 5.33% of AL,O,; 5.74%
of K,0; 1.17% of Na,O; 1.13% of ZnO; 0.236% of Ag,0; 0.085% of CeO,; 0.33% of Sb,0,.
Transition temperature of this glass is T = 480 °C. It should be mentioned that in the synthesized
glass cerium state is Ce** [6]. For poling, the glass plate was placed between two electrodes, one
(cathode) completely covering the glass surface, and anode only partially. Then the structure
was heated to temperature of 300 °C, after which a DC voltage of 400-1000 V (depending on
the experiment) was applied to the electrodes. In Fig. 1, a we demonstrate differential (minus
the spectrum of the initial glass) absorption spectra of the poled glass and the glass poled and
subsequently annealed at 500 °C. In the spectra, we observe appearance of an absorption band
near 245 nm, which is the charge transfer band of Ce*" [7, 8]. The intensity of this band after
poling is weak (see curve 1 in Fig. 1, a), but the anneal results in ~ 5-fold increase of the intensity
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(see curve 2 in Fig. 1, a). This behavior can be apparently associated with a leftward shift in the
equilibrium of the following oxidization process: 4Ce** + 20%* «» 4Ce’* + O2.

Oxidization occurs both during poling due to the recombination of non-bridging oxygens with
the formation of O, after the alkali ions have gone deep into the glass [9], and evidently during
heat treatment in air. With increasing temperature, the rate of oxygen diffusion increases and the
process of cerium oxidation activates, as a consequence, the intensity of the 245 nm Ce** band

increases.
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Fig. 1. Differential optical absorption spectra of the glass after poling under 800 V (/) and after poling

under 500 V followed by anneal at 500 °C (a); Raman spectra of the initial glass (/), glass after poling

and subsequent anneals at 500 and 600 °C (2), glass after poling, UV irradiation and subsequent
anneals at 500 and 600 °C (3) (b)

When poled glass is subjected to UV irradiation and conventional crystallization procedure [6],
the samples become opaque due to the formation of crystals which scatter the light. Raman
spectra (Fig. 1, b) clearly demonstrate appearance of the peaks at frequencies of 615 cm™ and
980 cm™', corresponding to lithium metasilicate, Li,SiO, [8] in the specimen, which was poled,
UV-irradiated and annealed. We also performed depth-scan via Raman spectroscopy by varying
the distance between the objective lens and the sample surface and studied depth-dependence of
intensities of the “glass” peak at ~ 1080 cm™" and the “crystal” peak at ~ 980 cm™'. Using a 530 nm
wavelength and a 100x objective lens gave us a depth resolution about one micron. The results are
shown in Fig. 2. We see the absence of crystals in a ~ 1 pm-thick subsurface layer. This is due
to the fact that during poling lithium ions migrate into the glass under the action of the electric
field and the subsurface region is depleted of these ions. Also, depth-scan demonstrated that the
crystallites are not uniformly distributed at um-scale (see “crystal” intensity line in Fig. 2).
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Fig. 2. Depth-dependence of normalized intensities of Raman peaks at ~ 1080 1/cm (“glass” peak)
and at ~ 980 1/cm (“crystal” peak)
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This nonuniformity, in particular the appearance of a second peak on the 980 1/cm line in
parallel with the decline on the 1080 1/cm line may be due to the redistribution of reduced silver
atoms during the first thermal treatment (500 °C) of the samples.

We ctched the specimen in a 4% hydrofluoric acid solution, which showed that the surface
of the poled region of the glass, unlike the regions without polarization, is not sensitive to the
etching. This indicates a change in the composition of the near-surface layer of the polarized
region, and that it completely lacks lithium metasilicate crystals, which are easily soluble in the
etchant used.

Conclusions

We demonstrated that thermal poling of the photo-thermo-refractive glass results in the
complete suppression of crystallization in the subsurface ~1 um-thick layer, but does not affect
the crystallization of deeper regions of the glass. Thus, thermal poling provides an additional tool
to control crystallization of the photosensitive glass.
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