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Investigations of alkaline Li,B,0,:Ag and alkaline-earth CaB,0,:Ag tetraborate glasses
with Ag nanoparticles (Ag NPs) formed by thermal treatment in vacuum have been
performed. It is ascertained that in volumes of the both glasses a small number of Ag NPs
is formed, whereas their main mass is concentrated near the samples surface. It is
obtained from the plasmon resonance results that, under the same annealing conditions,
concentration of the Ag NPs in the near-surface layer of CaB,0;:Ag glass is appreciably
smaller than in the near-surface layer of Li,B,0O;:Ag glass. This peculiarity is explained by
difference between contributions of alkaline Li* and alkaline-earth CaZ* ions to processes
of the Ag NPs formation in respective tetraborate glass.
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ITposesens! uccnegoBanus Ienounoro Li,B,07:Ag n menounosemensaoro CaB,0,:Ag rer-
padopaTHBIX CTEKOJ ¢ C(hOPMUPOBAHHBIMHU TePMUUECKON 00paboTKOH B BaKyyMe HAHOYACTU-
mamu Ag (HY Ag). Vceranosieno, uto B obbemax oboux crexosa (opmupyercs HeGobmioe
romudecTeo HY Ag, Tor[a KaK OCHOBHAS WX Macca KOHIEHTPUPYETCS Y MOBEPXHOCTU 00pas-
nos. Ilo pesyabTaTaM HUcCAeIOBAaHUN IIA3MOHHOTO PE30HAHCA YCTAHOBJIEHO, YTO IIPHU OJUHA-
KOBBIX YCJOBMAX OT:KHUTa KoHmenrpanua HY Ag B npumoeepxmoctHOoM cioe CaB,0,:Ag
CTEKJIa OIIyTHMO MEHbIIe, YeM B IpuioBepxHOcTHOM cioe Li,B,O,:Ag crexna. 9ra ocoben-
HOCTb OObfCHAETCH pasHULell BEIaLoB mieaounoro Lit u menounosemeabroro Ca?t monoB B
nportieccsl opmMuposanus HYU Ag B COOTBETCTBYIOIIEM TeTPaGOPATHOM CTeKJe.

Oco6anBocri popmyBaHHA MeTAJLiYHMX HAHOYACTHHOK AQ B JIYKHHMX i JyKHO3eMeJIb-
Hux Terpadoparnux crexknax. P.M Jymrxa, B.T.Adamis, A.B.Bypax, P.B.lameprur, [.M.Tecniwk.

IIposepeno pocmimxenns mysuoro Li,B,0,:Ag i nyxuosemensroro CaB,0,:Ag Terpa-
fopaTHUX CTEKOJ i3 chOpPMOBAHMMH TEPMiuHOI OOPOOKOK y BaKyyMi HaHOYACTHHKAMI
Ag (HY Ag). Beranosiseno, 1o B 06’emax 060X cTekoJ (GopMyeThes HeBelnKa Kiabkicts HU
Ag, Toml AK OCHOBHA iX Maca KOHIEHTPYEThCA 0iig MOBEPXOHBL 3pasKiB. 3a pesyabraTamu
JOCHiKeHb IJa3MOHHOTO PE30HAHCY BCTAHOBJIEHO, IO 38 OMAHAKOBUX YMOB Bimany KoOH-
nenrpanis HY Ag y npunosepxresomy mapi CaB,0, Ag ckxra € BiguyTHO MeHIIOI0, HiX y
npunosepxuepomy mapi Li,B,O;:Ag crkna. Ila ocobnuBicTe MOACHIOETHCA DIBHUIEI0 BKJIALIB
ayaxuoro Lit i mysuozemensnoro Ca2t Homis y mpomecu gopmysanns HYU Ag y Bigmosigmomy
TeTpabopaTHOMy CKJI.
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1. Introduction

Nanocomposite materials, whose basis is
consisted of metallic nanoparticles (MNPs)
of noble metals (Au, Ag, Pt) in dielectric
media, are the object of significant atten-
tion in recent years. This is caused by large
influence of the MNPs on linear and non-
linear susceptibilities of dielectric matrix
[1-3], radiative recombination [4] and giant
surface enhanced Raman scattering (SERS)
[6, 6]. Prospects for development of optical
switches with ultra-short time response,
limiters of optical laser beam intensity for
synchronization of the laser modes [7-10],
chemical and biochemical sensors caused
dominantly by plasmon resonances [11] on
the basis of such nanocomposite materials
stimulate investigations in this domain of
nanotechnologies.

The main attention among abovemen-
tioned noble materials is paid to silver (AQ)
in process of the MNPs formation in differ-
ent glass matrices, for example [12-14].
Doping of glasses by Ag* ions with their
next reducing to neutral Ag® condition in
the glass matrix by means of thermal treat-
ment in reducing atmosphere [12] is the
main method of Ag NPs formation.

Borate glasses, the basis of which is
boron anhydride B,O5; with its tendency to
polycondensation [15], can be prospective
for Ag NPs formation. The borate glasses
structurally consist of boroxole groups
which are joined by the bridge oxygen
atoms that makes their structure enough
open. These boroxole groups make the bo-
rate glass structure more open near the
glass transition temperature T, [16, 17]
that simplifies the process of Ag NPs for-
mation.

An important advantage of borate com-
pounds as the glass matrix for Ag NPs for-
mation, is their proper nonlinear optical
properties which are defined by high values
of nonlinear susceptibilities of boroxole
complexes [18, 19]. And plasmon resonance
on Ag NPs in borate glasses can influence
essentially on their nonlinear properties
that makes them potentially very prospec-
tive for photonics [20].

Ag NPs formation on surface of
Li,B,O;:Ag glass from Li,O-B,05 system by
annealing in reducing atmosphere without
application of reducing admixtures was suc-
cessful and permitted to observe powerful
surface plasmon resonance [21, 22]. But,
since presence of Li in Li,B,0; glass makes
it somewhat sensitive to moisture. There-
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fore it is necessary to pay attention to an-
other borate glasses, in particular, tetrabo-
rate CaB,O; glass from CaO-B,0; system
[28]. The substitution of univalent Li* ions
by bivalent Ca2* ones causes their very low
hygroscopic nature [24].

This work is devoted to formation of Ag
NPs by thermal treatment and comparative
investigation of the optical properties, in
particular, plasmon resonance bands in al-
kaline and alkaline-earth tetraborate glasses
by giving two representatives of such
glasses: alkaline Li,B4O7:Ag glass (98.0
Li,B4,0,—2.0 Ag,O) and alkaline-earth
CaB407Ag glass (98.0 CaB407_2.0 AQZO).

2. Experimental

For preparation of Li,B,O0;:Ag and
CaB,0;:Ag glasses there were taken highly
pure lithium carbonate Li,CO; or ecalcium
carbonate CaCOj;, boric acid H3BO5; and sil-
ver nitrate AgNO;. Synthesis of Li,B4,O; or
CaB,0; compound firstly was performed:

1) for Li,B,O; compound synthesis the
mixture of initial chemicals prepared by
stoichiometric Li;0-2B,05 composition was
placed into ceramic crucible and Li,B4O;
powder with T, = 1198 K (congruently)
was obtained by the method of multi-graded
temperature synthesis according to the fol-
lowing chemical reaction:

Li,CO3 + 4H3BO; — LinB,O, + CO,T + 6H,0T;

2) for CaB,O; synthesis the mixture of
initial chemicals prepared by stoichiometric
Ca0-2B,0; composition was placed into ce-
ramic crucible and CaB,0O; powder with
T peir =1260 K (incongruentlty) was ob-
tained by the method of multi-graded tem-
perature synthesis according to the follow-
ing chemical reaction:

CaCO3 + 4H3BO3—>C384O7 + COZT + 6H20T.

Two mole percent of AQNO; was added to
these powders. Li,B,O;:Ag glass was pre-
pared by melting technique in Al,O5 crucible
in air at 1270 K, and CaB,0;:Ag glass was
prepared at 1320 K. The melts were ho-
mogenized during 0.5 h and cooled during
one hour down to temperature 673 K fol-
lowed by inertial cooling down to the room
temperature.

For formation of the near-surface layer
from Ag NPs the sample Li,B,07:Ag was an-
nealed at temperature 71015 K (the glass
transition temperature for Li,B,O,; glass
T,=~713 K [25]) and the sample CaB,O;
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Table 1. Parameters of undoped borate glasses

d, g/cm3 o, K1 H, N/mm2 Boroxole Nbg, cm 3 Ny, cmz/W

group
Li,B,0O, 2.2 6.9.10°6 5164.6 2BO; + 2BO, 81021 -9.9.107°
CaB,0, 2.5 3.6.10°6 8369.2 4BO, +4BO, | 7.6-10%1 -1.41079

glass was annealed at temperature ~870 K
(the glass transition temperature for
CaB,0O; glass T,~883 K [25]) during 2 h
in vacuum (<1074 Torr with titanium get-
ter) or in air atmosphere.

Plates with dimensions of ~10x7x1 mm
were cut from obtained glasses, and their
surfaces were grinded and polished. Trans-
mission spectra were measured using set-up,
which included MDR-23 monochromator and
personal computer. Halogen incandescent
lamp was used as a light source, and PMT-
79 photomultiplier was exploited as detector
in the single-photon regime ensuring linear-
ity of the signal registration in the range of
102-10% photons per second. Traditional
single-beam Z-scan method developed by
Sheik-Bahae et al. [26, 27] was used for in-
vestigations of the nonlinear optical proper-
ties of L|zB407Ag and CaB407Ag glasses
with formed Ag NPs. Measurements were
performed at the room temperature. Second
harmonic radiation from continuous neo-
dymium laser with diode pumping, operat-
ing on wavelength 532 nm, was used. Out-
put power of the laser beam was 45 mW.
Parameters of the focused laser beam were
in agreement with principal demands of Z-scan
experiment: 20y = 22.8 um (wy — radius of
the Gauss beam in focus); b = nnwy/A =
1.197 mm (b — diffraction length in the
Rayleigh range), laser beam power density
in focus Iy = 1.04:10% W/cm?.

3

3. Results and discussion

The main parameters of undoped Li;B,0-
and CaB,0O; glass matrices were deter-
mined, in particular, density d (hydrostatic
method), thermal expansion coefficient o
(dilatometry method), microhardness H (the
Whisker method). These parameters at the
same time the type of boroxole group, num-
ber of boroxole groups in cm3 Nyg, and non-
linear refractive index n, are presented in
Table 1. As it is seen from Table 1, substi-
tution of univalent Li* ions by bivalent Ca2*
ones changes significantly the main parame-
ters of the tetraborate glass. Significantly
larger density d of CaB,O,; glass in com-
parison with Li,B,O; glass can be easy ex-
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plained by significantly larger atomic mass
of Ca (~40) than mass of two Li atoms (~14).
And differences in coefficients o and micro-
hardnesses H are defined by differences in
electron bonds in structure of Li,B,O; and
CaB,0O; glasses.

As it is seen from Table 1, the crystal
structure of Li,B,0; and CaB,0; compounds
consists of very similar boroxole groups. So,
Li,B4O; structure is formed only from
tetraborate (2BO5; + 2BO,) boroxole groups,
which refer to anion [B409]6‘ [28, 29], and
the structure of CaB,O; is formed from
somewhat more complex boroxole groups
(4BO3 + 4BO,): one tetraborate (2BOj; +
2BO,) and one triborate (2BO3+ BO,)
boroxole group attached to it by additional
tetrahedron BO, that form together anion
[88014]4‘ [30]. And since in publication [31]
it was ascertained that dominant boroxole
structural elements of corresponding
tetraborate crystal are clearly observed in
the glass structure, then one can make a
conclusion that significant differences in
values oo and H in L|zB407 and CaB407
glasses are caused by differences in Li-O
and Ca—O bonds in their structure. This
conclusion is confirmed by the authors of
recent publication [24], who investigated
the changes of CaB,O; glass properties
under particular substitution of Ca by Li
(90 CaB,0;-10Li,O) and explained the ef-
fect of Li* on characteristic of CaB,O; glass
in terms of the Li-O bonding interaction,
since the monovalent Li* ions produce the
lower cross-linking efficiency when com-
pared to the bivalent Ca?* ion.

Appearance of corresponding charac-
teristic plasmon bands in the absorption
spectra is the most cogent argument for
presence of the MNPs in the glass matrices.
And for Ag NPs these bands are in the
range of 360—500 nm [32]. In Fig. 1 and 2
one can observe transmission spectra of our
Li,B,O;:Ag and CaB,O;:Ag glasses before
and after annealing in vacuum. Compara-
tive analysis of these spectra shows that
after annealing of our glass samples in vac-
uum there appear the sharply defined ab-
sorption plasmon bands in transmission
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Fig. 1. Transmission spectra of Li,B,0,:Ag
glass: 1) without annealing or annealed in
air; 2) annealed in vacuum.

spectra with maximums near 400-420 nm
(Fig. 1, curve 2 and Fig. 2, curve 2), indica-
tive of Ag NPs existence in these samples.
The plasmon absorption band in Li,B,O;:Ag
glass (Fig. 1, curve 2) is especially intensive
and wide after annealing in vacuum, while
in the CaB,0;:Ag glass sample the plasmon
band stands out very sharply, but has con-
siderably smaller intensity. From this one
can make concrete conclusion that number
of Ag NPs in Li,B,O;:Ag glass formed by
annealing in vacuum under the same condi-
tions is considerably larger than in
CaB407Ag glass.

Estimation of Ag NPs radii in the an-
nealed Li,B,O;:Ag and CaB,O;Ag glasses
can be made from relationship R =
VF/A(’O]./2’ where VF= 1.39106 m/S — Ve-
locity of the Fermi electrons in silver, and
Ao)l/z — band half-width according to the
Mie theory approximation [33]. The results
of calculations for R are given in Table 2.

In Fig. 3 Z-scan spectra are presented for
Li,B4,O0;:Ag and CaB,0;:Ag glasses annealed
in vacuum. The Z-scan experiment permits
to calculate the nonlinear refractive index
ng, which enters into known expression for
the total refractive coefficient n =ngy+
n2|E|2, where ny — linear refractive index,
and E denotes magnitude of electromagnetic
field strength of the laser radiation. Calcu-
lation of the nonlinear refractive index ng
from normalized Z-scan spectra was per-
formed using formula ng=A®y/kL, sl
[33], and the results of calculations are
shown in Table 2. Values n, for undoped
Li,B,O; and CaB,O; glasses, obtained analo-
gously from their Z-scan spectra, are given
in Table 1 and indicate about the presence
of intrinsic nonlinear properties in these
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Fig. 2. Transmission spectra of CaB,0;:Ag

glass: 1) without annealing; 2) annealed in
vacuum.

Table 2. Results of calculations of Ag NPs
radii R and nonlinear refractive indices n,
of active layer with Ag NPs in borates

glasses
Glass R, nm ny, em?2/W
Li,B,O;:Ag | without - -3.8.1079
annealing
annealed in 1.5 5.7.10°6*
vacuum
CaB,0;:Ag| without - ~1.2.1079
annealing
annealed in 1.2 9.6.10°6*
vacuum

* calculations for ny were performed for thick-
ness of active layer with Ag NPs 2xL; =L, =
3.6:107% cm

glasses, caused by nonlinear susceptibilities
of their boroxole complexes [18, 19]. As it
is seen from Tables 1 and 2, the nonlinear
refractive index n, of undoped Li;B,O; and
CaB,0O; and doped unannealed Li,B,0;:Ag
and CaB,O;:Ag glasses are negative, but
have somewhat different absolute values.
After annealing, which leads to formation
of Ag NPs, the nonlinear properties of the
both glasses change cardinally — the non-
linear refractive index n, becomes positive
and larger for some orders of magnitude
(Table 2).

Distribution of the Ag NPs in Li,B,0;:Ag
and CaB,O;:Ag glass samples annealed in
vacuum 1is an important question. The
atomic-force microscope investigations of
the Li,B,O;:Ag glasses surface topology al-
lowed to make a conclusion that the Ag NPs
formed by annealing of Li,B,O;Ag glasses

Functional materials, 22, 2, 2015
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in hydrogen and in vacuum are concen-
trated in a thin near-surface layer, so-called
"Li,B,O7;:Ag + Ag NPs" interface layer,
which is observed in the transmission spec-
tra as intensive plasmon absorption band
[21, 22]. To receive an evidence that after
annealing of our Li,B4,O,:Ag and CaB,0;:Ag
glasses in vacuum the Ag NPs are also con-
centrated near the samples surface after re-
cording of the transmission spectra (Fig. 1,
curve 2 and Fig. 2, curve 2) the layers with
thickness of 2 um were mechanically deleted
(grinded) from the both their surfaces for
guaranteed deliverance from "Li,B,0;:Ag +
Ag NPs" interface layer. Obtained transmis-
sion spectra of the Li,B4,O;:Ag and
CaB,0;:Ag glass samples after deleting of
"Li,B,O7:Ag + Ag NPs” interface layer coin-
cided completely with the transmission spec-
tra of these samples recorded before anneal-
ing (Fig. 1, curve I and Fig. 2, curve 1).
Nevertheless, if to look carefully on our
transmission spectra recorded before anneal-
ing of the Li,B4,0;Ag and CaB,0;:Ag glass
samples (Fig. 1, curve 1 and Fig. 2, curve 1)
one can see the weak but still noticeable
plasmon absorption bands in the neighbor-
hood of 400-450 nm. This indicates the
presence of some number of the Ag NPs in
volumes of our glass samples, which were
not additionally annealed after the glass
preparation. It is interesting to note that
annealing in air under the same conditions
(temperature and anneal time) of the newly
prepared samples from Li,B,0;,:Ag and
CaB,0;.Ag glasses does not lead to notice-
able changes in the absorption spectra, i.e.,
these practically coincide with the spectra
of unannealed samples (as on Fig. 1, curve 1
and Fig. 2, curve 1). This can mean that
some number of the Ag NPs is formed in
volume of Li,B,0,:Ag and CaB,0;:Ag glasses
just on the stage of glass formation from
corresponding melt in the process of its
cooling. And this number of the Ag NPs
formed in the volume has time to reach
saturation in the process of cooling, because
additional annealing does not lead to in-
creasing of their concentration. Almost
equal intensities of the plasmon absorption
bands of the unannealed Li,B,O;:Ag and
CaB,0;:Ag glass samples (Fig. 1, curve I
and Fig. 2, curve 1) permit to state that the
Ag NPs concentration in volumes of the
both glasses must be almost the same, al-
though there is more free volume in the
CaB,O glass than in the Li,B,O; glass [34].
This can be easily explained: in the volume,
at absence of ions-reducers the process of
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Fig. 8. Z-scan spectra: I — Li,B,0;:Ag glass
annealed in vacuum; 2 — CaB,0,:Ag glass
annealed in vacuum.

Ag* ions reducing practically does not take
place, and this small number of Ag NPs in
the volume of the glass is formed from the
neutral Ag atoms, which, evidently, are avail-
able in it from the moment of synthesis.

Therefore, the main difference between
the Li,B,O;:Ag and CaB,0;:Ag glasses is
seen in the mechanism and efficiency of Ag
NPs formation on/near the surface of the
glass samples. Undoubtedly, the process of
Ag* ions reducing to neutral Ag® atoms and
the Ag NPs formation takes place by the
same mechanism on surface of the glass
samples, but with different intensity (veloc-
ity). This intensity is defined by ratio of
velocities for three main processes, which
take place in the glasses at annealing tem-
perature (~713 K for Li,B,O; and ~870 K
for CaB,05 glasses): 1) velocity of the proc-
ess 02~ — 2¢ = 00 on the glass surface and
transition of the neutral oxygen atoms into
vacuum, where these are absorbed by getter;
2) intensity of Ag* ions reducing to neutral
atoms near the glass surface (Agt+e=
AgY); 3) velocity of Ag* ions diffusion from
the glass volume to surface, because in re-
ducing process the concentration of Ag* ions
decreases near the surface, and their deliv-
ery to near-surface layer takes place owing
to diffusion from the sample volume in di-
rection to the surface.

Let us compare successively the passage
of all these three processes in the
L|ZB407Ag and CaB407Ag glasses. There-
fore, at preparation of the glass samples
there is used mechanical treatment (cutting,
grinding and polishing), which leads to ap-
pearance of well developed network of de-
fects with damaged, in particular, dangling
interatomic bonds on surface of the both
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glass samples. If such glass samples are
heated in vacuum to temperatures T, then
near such defective places the neutral oxy-
gen atom, which is formed from 02~ (or O7)
ion, can easily lose contact and come from
surface of borate glass into vacuum, return-
ing excess electrons to the neighbor Ag* or
Li* ions in the Li,B,O;:Ag glass, and Ag* or
Ca?* in the CaB,O;:Ag glass, because elec-
tron affinity of O atoms is negative. And
velocity of this process must not differ es-
sentially for the Li,B,0;:Ag and CaB,0;:Ag
glasses, because the basis of their structure
is consisted of similar boroxole groups, and
B—O bonds are definitive in the borate
glasses.

However the processes of Ag* ions reduc-
ing to neutral Ag0 atoms near the surface of
the Li,B,O;:Ag and CaB,0; Ag glasses take
place somewhat differently. For the
Li,B,O;:Ag glass the electrons can be cap-
tured by Li* (Li* + e = Li% ions, if Ag* ions
are absent near position in which the proc-
ess 02~ — 2e = O0 took place. The captured
electron can easily migrate on the neighbor
Li* ions until it will be met and captured by
Ag* ion. But neutral Ag? atom will not send
so easily the captured electron to neighbor
Li* ion, because ionization potential for
Ag - Ag* = 7.6 eV, while for Li— Li*=
5.4 eV. Another situation takes place for
the CaB,0;:Ag glass: if electron, released by
oxygen, is captured by Ca2?* ion but not
directly by Ag* ion, then, practically, it will
be not delivered, because ionization poten-
tial for Ca* — Ca?* = 11.87 eV. If take into
account that here we observe an accumula-
tion of negative charge on the sample that
will slow down the process 02~ — 2¢ = QO,
then the large difference between the veloci-
ties of Ag* ions reducing to neutral atoms
near the surface of Li,B,O;;Ag and
CaB,0;:Ag glasses becomes understandable,
in the CaB,O;Ag glass it is significantly
smaller.

In regard to the velocity of Ag* ions dif-
fusion from the glass volume to the surface,
where their concentration decreases because
of reducing process Ag* + e = Ag0, one can
note that Ag* ions, without doubt, diffuse
easier on lithium vacancies (V| ;) in the
structure of the Li,B4,O; glass, than on
Vieoao+ vacancies in the structure of CaB,O;
glass. Therefore, the velocity of Ag® ions
supply from the glass volume to its surface
in the CaB,0O;:Ag glasses by means of diffu-
sion also must be significantly smaller.
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The neutral Ag® atoms near the surface
can migrate enough easy on the frame
structure of the borate glass that gives
them a possibility to unite into clusters-nu-
clei with the next formation of the Ag NPs
on these surface defects, the number of
which on/near the surface is significantly
larger than in the glass volume. Therefore,
at annealing in vacuum, the layers with Ag
NPs are formed on the surface and in near-
surface regions of the Li,B4O;:Ag and
CaB,0;Ag glass samples. Nevertheless,
owing to above described difference between
the velocities of the processes, equipped in
formation of the Ag NPs, their concentra-
tion in the mnear-surface layers of the
Li,B4,O,:Ag and CaB,0;:Ag glasses differ
significantly. For the CaB,O;:Ag glass it is
significantly lower that is confirmed by in-
tensity of the plasmon absorption bands
(Fig. 1, curve 2 and Fig. 2, curve 2).

4. Conclusions

Performed investigations showed that Ag
NPs can be formed both in alkaline
Li;B4O;:Ag and in alkaline-earth CaB,0;:Ag
tetraborate glasses by thermal treatment in
vacuum at the glass transition temperature
T, And it was observed that almost equal,
but not large, number of the Ag NPs is
formed in volumes of the both glasses,
whereas the major mass of the Ag NPs with
size to 2R = 3.0 nm is concentrated near the
surfaces of the glass samples. On the basis
of the plasmon resonance results it was
made a conclusion that concentration of the
Ag NPs in the mnear-surface layer of
CaB,0;Ag glass is significantly smaller
than in the near-surface layer of Li,B,O;:Ag
glass. This peculiarity can be explained by
difference between contributions of alkaline
Li* and alkaline-earth Ca2* ions in processes
of the Ag NPs formation in corresponding
tetraborate glass.

Despite smaller concentration of the Ag
NPs in the near-surface layer of CaB,0;:Ag
glass and, respectively, weaker intensity of
the plasmon resonance in it, this glass can
be very prospective for plasmonics owing to
high value of the nonlinear refractive index
ng (Table 2) and total nonhygroscopicity.
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