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Abstract
Subject of Research. The paper considers effect of chloride in composition of photo-thermo-refractive glass on the
spectral properties of silver nanoparticles formed in ion-exchanged layers after heat treatment. Method. Glasses
based on Na,0O-ZnO-Al,0;-SiO,—F doped with antimony oxide Sb,03, cerium oxide CeO, and a variable chloride
content (0—1 mol%) were synthesized for the study. Silver ions were introduced by the low-temperature Na*-Ag*
ion exchange method into the synthesized glasses. For this purpose, glass samples were immersed in a mixture of
0.1AgN03/99.9NaNO; (mol%) nitrates at the temperature of 320 °C for 15 minutes. After the ion exchange glasses
were irradiated with ultraviolet radiation and heat-treated at the temperature of 500 °C for 3 hours to achieve the growth
of silver nanoparticles. Main Results. Spectrum properties of chloride photo-thermo-refractive glasses with silver
nanoparticles in ion-exchanged layers are studied. It is found that the presence of chloride in the photo-thermo-refractive
glass matrix results in a long-wavelength shift of the absorption band of silver nanoparticles. That may be attributed to
the growth of the mixed AgCl/NaCl shell on silver nanoparticles. The formation of silver nanoparticles in ion-exchanged
layers occurs both in the irradiated and unirradiated regions of the glass. Practical Relevance. The results can be used
to create Bragg gratings inside photo-thermo-refractive glass for input and output radiation (pump and signal) into the
waveguide structures formed by the ion exchange method, and to create monolithic integrated optical elements on a
single substrate, that is very essential for integrated optics.

Keywords
low-temperature ion exchange, photo-thermo-refractive glass, silver nanoparticles, chloride

YIK 535.343.2 doi: 10.17586/2226-1494-2020-20-4-515-519

NCCIEAOBAHUE ABCOPIIMOHHBIX XAPAKTEPUCTHUK
CEPEBPAHBIX MOHOOBMEHHBIX CJIOEB
B XVIOPUTHOM ®OTO-TEPMO-PE®PAKTUBHOM CTEKJIE

P. Cemaan, I.B. Mapacaunos, E.M. Cruéues, H.B. Hukonopos
Yuausepcurer UTMO, Cankr-IletepOypr, 197101, Poccuiickas ®eneparust
Agnipec 115 Iepenycky: rawansamaan95@gmail.com
Hndopmanus o crarbe
Tocrynuna B penakuuto 16.05.20, npunsra k newatu 20.06.20
SI3BIK CTATbU — aHIIMHCKHUNA
Ccpuika aus uurupoBanus: Cemaan P, Mapacanos /.B., Cru6ues E.M., Huxonopos H.B. HccienoBanme abcOpIMOHHEIX XapaKTepH-
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AHHOTALUA
Ipeamer uccienoBanus. B padoTe ucciae0BaHO BIMSHAE BBEACHUS XJIOPHIOB B COCTaB (hOTO-TepMO-peppakTUBHO-
TO CTEKJIa Ha CIICKTPalIbHBIC CBOICTBA HAHOYACTHII cepedpa, chopMHPOBAHHEIX B HOHOOOMEHHOM CJIOC B PE3yJIbTaTe
TepMOO6pa6OTKI/I. MerTon. I[J'IH HUCCIICAOBaHUA ObLITH CHUHTE3UPOBaHbl CTCKJIA, MPEACTABIAIOIINEC coboit Marpuny Ha
ocHoBe Na,O-ZnO-Al,0;-SiO,—F, neruposanusie 0kcHAOM cypbMbl Sb,03, niepust CeO, 1 epeMeHHBIM COZIepKaHUEM
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xsopuaoB (0—1 Mo11.%). Cepebpo BBOAMIOCH METOIOM Hu3KoTeMmmeparypHoro Na'—Ag® nonnoro o6mena, s yero
00pasipl cTekia norpyxkaianck B cMechk HUTparoB AgNO3/NaNOs, coneprkaiuem 0,1 mon.% AgNO; ipu temmneparype
320 °C B teuenue 15 mun. {1 popmMupoBaHust HAHOYACTHUIL cepedpa cTekIa oce HOHHOTOo 0OMeHa 00Ty YHITHCh Yilb-
TpanOoIEeTOBBIM M3IYyYEHHEM C OCIEAYIONIEeH TepMooOpadoTKoil mpu Temmneparypax 500 °C AmuTenbHOCTBIO 10 TPEX
4yacoB. OCHOBHbBIE Pe3yJIbTaThl. B paboTe n3y4eHs! CrieKTpaibHbIe CBOWCTBA XJIOPUAHOTO (HOTO-TePMO-pedpakTHBHOTO
CTEKJIa, JIETHPOBAHHOTO OKCUJIOM CYpbMEI Sb,03, nepust CeO,, 1 epeMeHHBIM COEPKaHIEM XJIOPUJIOB C HAHOYACTH-
I1aMu cepedpa B HOHOOOMEHHBIX c1osiX. OOHapyKEHO, 4TO ¢ yBEJIMUCHUEM KOHIICHTPAINH XJIopa B MaTpuie GoTo-Tep-
MO-pepaKTHBHOTO CTEKJIA BBISIBIICH JUTMHHOBOJIHOBBIH C/IBUT IOJIOCHI TOIVIONICHHST HAHOYACTHUI, CBSI3aHHBIH C POCTOM
cmemranHoi 06o00uku AgCl/NaCl Ha HaHOYacTHIIaX cepebpa. DopMupoBaHUEe HAHOYACTHIL cepedpa B HOHOOOMEHHBIX
CJIOSIX TIPOMCXOIUT KaK B 0OJTy4eHHOM, Tak M HeoOryueHHoi obnactu crexia. [I[pakTndeckasi 3 HAYMMOCTB. Pe3ynbrars
paboThI MOTYT OBITH MCIIOIB30BAHbI ISl CO3/IaHMs OPATTOBCKOW pelIeTKH BHYTpU (poTO-TepMO-pedpakTHBHOTO CTEKIA
JUISl BBOJIA ¥ BBIBOJIA M3ITydYeHNUs (HAKaYKH M CHTHAJA) B BOJHOBOIHBIE CTPYKTYpPBI, 00pa3oBaHHbIE HOHOOOMEHHBIM
METOIOM, [UTSl CO3aHusI MOHOJUTHBIX MHTETPAJIbHBIX ONMTHYIECKUX IEMEHTOB Ha OJHOM MOJIOKKE, YTO OYeHb BAKHO

JJIA HHTSFpaJ’ILHOﬁ OIITHKH.

KiioueBble c10Ba

HU3KOTEMIIepaTypHbIH HOHHBIH 00MeH, (oTo-TepMo-pe(hpakTHBHOE CTEKIIO, HAHOUACTHIIB! cepedpa, XJIop

Introduction

Currently, the development of plasmon silver
nanostructures is of great interest in the field of
miniaturization and integration of optical devices, such
as microresonators, plasmon waveguides, converters, and
other passive elements [1, 2]. Silver nanoparticles can be
precipitated in a glass matrix like photo-thermo-refractive
glass [3], which is a promising widely used material due
to its high mechanical strength and chemical resistance. It
can be classified as a polyfunctional material combining
the properties of several monofunctional materials such as
the photosensitive, photorefractive, laser, luminescent, and
plasmonic ones [4]. Photo-thermo-refractive (PTR) glass
was designed on the basis of photosensitive glasses in the
sodium—aluminum-zinc silicate system. It was developed
by Corning Inc. in 1977, and was called “polychrome
glasses” [5]. In Russia, these glasses appeared a little
later and were called “multi-color glasses”. PTR glass
changes its refractive index after an exposure to the near
ultraviolet (UV) radiation followed by thermal treatment
at the temperatures close to the glass transition one (Tg)
[6]. This change results from the precipitation of nano-
crystalline AgBr-NaF phases in the fluoride PTR glasses
on the silver nanoparticles and AgCl-NaCl in chloride PTR
glasses. In contrast to fluorine-containing PTR glasses, the
formation of a crystalline phase in chloride PTR glasses
leads to a local positive change in the refractive index in
the region irradiated with ultraviolet radiation followed by
heat treatment compared to the region without irradiation
up to 1500 ppm [6]. Silver ions can be introduced into the
glass in a variety of ways, for example, low temperature
ion-exchange [7], which is the process of substituting one
kind of alkali cations (usually Na") in glass for another one
(Li*, K*, Rb", Cs") or transition metal ions (Ag", Cu*, TI")
from a salt melt. The objective of this work is to study the
effect of chloride introduction into the PTR glass on the
spectral properties of silver nanoparticles formed by the
Na™—Ag" ion-exchange method.

Experimental

Chloride PTR glasses were synthesized in a system
of Na,0-Zn0O-Al,05-Si0,—F with reduced fluorine
concentration and variable batch concentration of Cl

(0-1 mol%) doped with CeO, and Sb,05. These dopants
are responsible for the process of photo-thermo-induced
crystallization and the precipitation of crystalline sodium
chloride and silver nanoparticles. The glass synthesis was
carried out in Gero-electric furnace in air atmosphere using
the platinum crucibles, the melts being homogenized with
platinum stirrer. The synthesized glasses were annealed
and cooled down to room temperature with a pre-set
program. After the synthesis, planar polished samples were
prepared with a thickness about 1 mm. Silver ions were
introduced into the synthesized glasses by the Na*-Ag"
low-temperature ion-exchange (IE) method. The samples
were immersed in a bath with a melt of 0.1 AgNO5/99.9
NaNO; (mol%) nitrate mixture at the temperature of 320 °C
for 15 minutes. Then UV-irradiation was performed using a
Kimmon He-Cd laser IK3501R-G model. Subsequent heat
treatment (HT) was carried out at the temperature of 500 °C
for 3 hours. The low-temperature ion exchange process and
heat treatment of the studied samples were carried out in
a muffle furnace. Absorption spectra were measured in the
spectral range of 200—800 nm on a Perkin-Elmer Lambda
650 double-beam spectrophotometer (USA). Calculation
of the effective optical size of silver nanoparticles was
performed according to the Mie Theory [8] with the
following equation:

_ 2w
Aw’

where d is a mean diameter of nanoparticles, vy is Fermi

velocity (1.39 x 108 cm/s for silver [9]), and Aw — full

width at half maximum (FWHM) of the absorption band

in the angular frequency unit.

Results and discussion

In order to study the effect of chloride on the formation
of silver nanoparticles in the PTR ion exchanged layers,
four samples of the glass were prepared with C1=0, 0.5,
0.75, 1 mol%.

Fig. 1 demonstrates the absorption spectra of the
samples without chloride (Cl =0 mol%). The absorption
band centered at 310 nm is related to the absorption of Ce>*
ions in the virgin glass spectrum [10]. A long-wavelength
shift of the UV absorption edge was observed after the
IE process. The shift results from the 4d'0 — 4d°5s!
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Fig. 1. Absorption spectra of PTR glass samples without chloride (Cl = 0 mol%): initial glass (black line), after IE (red line) and after
UV irradiation (a). After IE, UV irradiation and subsequent HT ()

absorption transitions of Ag® ions [11]. After UV
irradiation, a disappearing of the absorption band at 310
occurs due to the transformation of Ce** to Ce*" as a result
of photoionization [12].

In PTR glass without chloride a wide absorption band,
centered at 410 nm, is formed after IE, UV irradiation, and
subsequent HT, which is associated with the formation
of silver nanoparticles. The diameter of the silver
nanoparticles was calculated according to the Mie Theory,
and was found to be 4 nm. As the UV irradiation dose
increases, the optical density of the absorption band of
nanoparticles grows. Irradiation with a dose of 1 kJ leads to
saturation and a further growth in the absorption amplitude
is not observed.

Fig. 2 demonstrates the absorption spectra of PTR
glasses sample with chloride (Cl =1 mol%). As seen
in Fig. 2, a, the presence of chloride does not affect the
absorption spectra of the PTR glass without heat treatment,
while (Fig. 2, b) it leads to the long-wavelength shift
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of the absorption band of nanoparticles from 410 nm
to 440 nm compared to the case without chloride. This
shift is related to the growth of mixed silver and sodium
chloride shell AgCl-NaCl around the nanoparticle in the
irradiated region of the glass [6, 13]. Also, the formation
of silver nanoparticles occurs in the unirradiated region
of the glass, but their optical density is lower due to the
lack of additional electrons for silver reduction. With the
increase of the UV irradiation dose the optical density
of the absorption band of nanoparticles grows. Not
shown absorption spectra of the samples with Cl = 0.5%,
0.75 mol% are similar and behave in the same way.

Fig. 3 clearly shows the long-wavelength shift of
the absorption band of nanoparticles after ion exchange,
UV irradiation, and heat treatment due to the addition of
chloride in the PTR glass matrix, which is equal to 30 nm.
This shift may be attributed to the high refractive index of
the NaCl/AgCl shell (ny,.; = 2.3) compared to refractive
index of the glass bulk (nprg = 1.49) [6].

o0
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Fig. 2. Absorption spectra of PTR glass samples with chloride (Cl = 1 mol%): initial glass (black line), after IE (red line) and after
UV irradiation (a). After IE, UV irradiation and subsequent HT (b)
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Fig. 3. Absorption spectra of PTR glass samples after ion
exchange IE, UV irradiation (10 kJ) and heat treatment
(T=500 °C, t =5 h) without chloride (black line) and with
(0.5, 0.75, 1 mol%) chloride
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Conclusion

The paper considers the effect of chloride in the ion-
exchanged PTR glass on the spectral properties of silver
nanoparticles formed inside the glass. It was shown that the
incorporation of chloride into the PTR glass matrix affects
the kinetics of silver nanoparticle formation in Na™Ag™*
ion exchanged layers. The formation of silver nanoparticles
with a shell was not detected in glasses without chloride.
The addition of the chloride in the PTR glass matrix leads to
formation of a shell consisting of mixed silver and sodium
chlorides around the silver nanoparticle, which leads to a
constant long-wavelength shift (30 nm) of the nanoparticle
absorption bands. The diameter of nanoparticles in the glass
without chloride is 4 nm. Silver nanoparticles were detected
only after heat treatment in the ion-exchanged layer of
PTR glass with/without chloride. UV irradiation affords
additional electrons to reduce silver ions to silver atoms,
and therefore, to obtain higher concentrations of silver
nanoparticles. The results can be used to record Bragg
gratings in PTR waveguide structures.
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