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The features of luminescent properties of an ensemble of tin dioxide nanoparticles created inside various
types of porous silicate glass matrices under various thermosynthesis conditions are studied. It was demon-
strated that the highest intensity of radiative recombination is inherent to the system formed in finely po-
rous silicate glass with residual silica gel in the pores. Silica gel in this case prevents the aggregation of
SnO: nanoparticles. For the all types of matrix, the luminescence energy is less than the fundamental SnO2
energy gap, which may indicate a trap-like luminescence character of these systems. It was established an
occurrence of at least two types of recombination centers — acceptors close to the valence band. The lumines-
cence intensity varies depending on the content of the precursor in the initial solution to obtain samples. Its
maximum is observed at 5-7 % tin chloride in the initial solution. The specified method of ensemble creation
corresponds to the greatest width of the luminescence spectral lines, which is inherent to the intensity of ra-
diative recombination. The smallest width of the spectral line corresponds to large concentrations close to
those at which the SnCly alcohol solution becomes a strong glass adhesive. At these concentrations the solu-
tion already begins to glue the silica gel particles, freeing up space for the further formation of aggregations
after the thermosynthesis reaction. In this case, the aggregation is intensive. In ensembles of SnOz nanopar-
ticles created in porous glass depleted in silica gel, nonradiative recombination predominates due to leakage
channels through aggregations formed during thermosynthesis in the absence of an insulating substance.
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The study results can be used to create luminescent gas sensors based on SnOa.
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1. THE PROBLEM STATEMENT

The recently discovered features of photolumines-
cence of nanoscale forms of tin dioxide [1, 2] have at-
tracted considerable interest associated with the expan-
sion of its application as photoluminescent active ele-
ments of sensors [3-5]. Dispersion of tin dioxide to na-
nometer sizes, in the best way, facilitates deviation from
stoichiometry and the formation of interstitial cations
and Schottky anion defects. Just in the presence of such
defects in the crystal structure, the electrophysical and
luminescent properties of this substance manifest
themselves in the best way [6]. This dispersion can be
achieved by fixing the nanoscale formations of tin diox-
ide in a suitable matrix. To prevent nonradiative re-
combination, to reduce the quantum yield of lumines-
cence, it is desirable to isolate individual nanoparticles.
This will prevent their further aggregation, and, as is
known [7], just the aggregations are the main leakage
channels. As it is stated in [8], the critical size of SnO2
nanoparticles should be considered of 25 nm, and the
excess of it leads to the prevalence of bulk properties.
Thus, to obtain stable properties of the studied materi-
al, it is necessary to ensure the particle size of the en-
semble within the specified limits.

2. METHODS AND SAMPLES

An effective technology for the formation of a large
canonical ensemble of nanoparticles is based on the
impregnation of a suitable model medium with a solu-
tion of the corresponding substance followed by anneal-
ing, which contributes to a uniform distribution of na-
noparticles in the ensemble [7, 9]. Porous silicate glass
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plays a rather good role as a model medium for creat-
ing ensembles of nanoparticles [7, 9, 10]. The process of
nanoparticle formation can be controlled due to the
existence of several types of glasses [7,9, 11, 12] and
the possibility of selecting a suitable concentration of
the impregnating solution and annealing parameters.
The types of silicate porous glass differ in pore sizes
and the presence or absence of residual silica gel inside
them. Four of them do not luminesce in the spectral
region in which SnOz reliably luminesces, hence, they
may be used as a matrix. These glasses are convention-
ally called glasses of A, B, C and D types [7, 9]. Glasses
of A and C types differ in pore sizes and, due to their
formation peculiarities, contain residual silica gel in
them. This formation in its chemical composition (SiOz2)
does not differ from the porous framework, but differs
from it in structure, since it is small sand-like particles.
If, by processing in a KOH solution [13], silica gel is
removed from type A glass, it turns into B type glass,
and in the case of the mentioned treatment of C type
glass, it turns into glass of type D. Glasses A and B are
finely porous, while glasses C and D are large porous [9].
The porous glass matrix direct impregnation with
SnO:z solution is impossible, since this substance is
insoluble in all solvents that do not destroy the speci-
fied model medium. However, it is possible to synthe-
size tin dioxide nanoparticles directly in the matrix’s
pores by impregnating it with the soluble component of
the reaction. Such a substance is SnCls. Tin chloride is
highly soluble in alcohol and can be converted into
SnOz2 by thermosynthesis [14]. Thermosynthesis is
possible at sufficiently low temperatures (about
400 °C), which do not destroy the matrix [13]. At the

© 2020 Sumy State University


http://jnep.sumdu.edu.ua/index.php?lang=en
http://jnep.sumdu.edu.ua/index.php?lang=uk
http://sumdu.edu.ua/
https://doi.org/10.21272/jnep.12(3).03020
mailto:ndl_lepikh@onu.edu.ua

S.A. GEVELYUK, V.S. GRINEVICH ET AL.

same time, the process is long enough (several hours),
but the indicated thermosynthesis temperature pro-
motes the formation of smaller SnO2 particles [15], and
the presence of residual silica gel in the gaps prevents
their aggregation [7].

The luminescence spectra of the samples obtained
upon excitation by an LCS-DTL-374QT ultraviolet
laser (wavelength A=355nm, power 15 mW) were
recorded on a setup consisting of an SF-4 quartz mono-
chromator, an FEU-79 photomultiplier with a sensitivi-
ty of 280-850 nm, as a photodetector, and a selective
amplifier, was synchronized with the frequency of the
exciting laser. The result was transmitted via an ana-
log-to-digital converter using the USB-oscillography
program to a computer monitor.

3. RESULTS AND DISCUSSION

In order to select the type of glass, which is used as
a matrix for creating the SnO2 nanoparticles’ ensemble,
the most significant luminescent response should be.
Each of the four mentioned glass types was impregnat-
ed with an alcohol solution of SnCls with one and the
same concentration of 5 % during a day and then an-
nealed at 400 °C for three hours. The photolumines-
cence (PL) spectra of all ensembles of SnO2 nanoparti-
cles created in this way, regardless of the type of ma-
trix, are Gaussian-like (Fig. 1).
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Fig. 1 — The PL spectra of SnO2 nanoparticle ensembles in fine
porous (a) and large-porous (b) glasses

A comparison of the PL spectra of ensembles of
SnO:z nanoparticles based on glasses A and C demon-
strates significantly lower luminescence intensity and
a shift to lower energies when using a large pore ma-
trix. It can be assumed that nanoparticles with sizes
exceeding critical 25 nm are more likely to form in its
pores, so that bulk properties prevail in them [8]. Thus,
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the contribution of small nanoparticles, which corre-
sponds to the highest luminosity, is minimal in type C
glass and this affects the intensity of the PL spectrum.
In addition, larger particles usually correspond to a
long-wavelength shift of the maximum of the spectrum,
which confirms the assumption made.
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Fig. 2 - Dependence of the PL spectra of SnO2 nanoparticle
ensembles in glass A on the concentration of saturated SnCly
solution

The spectra of the ensembles formed in matrices
based on glasses B and D depleted in silica gel have
significantly lower luminescence intensity than those
formed in matrices untreated by KOH solution. In
addition, they are located inside the spectra of ensem-
bles created on the basis of glasses A and C, respective-
ly, and their maxima are shifted to the short-
wavelength side. Therefore, it can be stated that the
depletion of the pores of the matrix with silica gel pro-
motes the aggregation of formed nanoparticles. And,
since aggregations are leakage channels [7], in the case
of SnO:z nanoparticles, less energetic quanta recombine
through them in a nonradiative manner.

For comparison, the half-width of the spectral lines
of ensembles of SnO2 nanoparticles formed at a 5%
concentration of an impregnating SnCls solution in all
four types of glasses is shown in Table 1.

Table 1 — The spectral lines half-width of SnO2 nanoparticles
ensembles in various types glasses

Glass type A B C D
The half—Wldth of the 165 | 125 | 140 | 125
spectral lines, nm

Since the broader spectral line corresponds to a
shorter carriers’ lifetime in the system, which in turn
corresponds to more intensive radiative recombination,
it can be stated that non-radiative recombination pre-
vails in glasses depleted of residual silica gel. This
confirms that the presence of residual silica gel in the
pores prevents the aggregation of nanoparticles.

Thus, type A glass is a model medium in which the
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best luminescent response is observed for SnOz nano-
particles ensemble. Despite this, in order to determine
the optimal technological parameters for the formation
of SnO:2 nanoparticles ensemble, the set of samples
were prepared from impregnating SnCls solutions with
gradually varying concentrations.

It should be noted that SnCls is highly soluble in
ethanol, however, such a solution in concentrations
exceeding 30 % destroys the matrix [9]. Therefore, it
was advisable to create a set of samples consisted of
type A porous glass plates with sizes of 5x5x0.5 mm,
saturated with solutions of SnCls in ethanol with a
concentration lower than 30 %, and subjected to an-
nealing for 3 h at 400 °C. Conventionally, samples are
designated as 1, 2, 3, 4, and 5, which correspond to
concentrations of 2.5 %, 5 %, 7.5 %, 12.5 %, and 25 %,
respectively. The PL spectra of all samples of the set
are shown in Fig. 2. They turned out to be Gaussian-
like and the luminescence intensity magnitudes dif-
fered significantly. At the same time, the positions of
their maxima changed insignificantly. Despite this,
these shifts correlate with the intensity of the glow.

From Fig. 2 it can be seen that the high concentra-
tions of the saturating solution correspond to rather
low luminescence intensity. It increases significantly at
approaching a concentration of 7.5 %, and for concen-
trations below 5 % it decreases again. A similar pattern
was observed for tin dioxide nanoscale film, created by
the sol-gel method, when luminescence maximum also
corresponded to the average concentration of the pre-
cursor in the solution of about 5 % [16].
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Fig. 3 - The luminescence maximum intensities of SnO2 nano-
particle ensembles in type A glass (left scale) and the most
probable energies of radiation quanta (right scale) for different
samples

In the histogram, Fig. 3, the luminescence intensity
maxima for SnO2 nanoparticle ensembles (left scale)
and the corresponding probable quantum radiation
energies (right scale) are compared for all samples’
sets. The latter are obtained by a simple recalculation
on the basis that the energy of the radiation quanta is
proportional to the position of the luminescence maxi-
mum. It can be seen that the lowest luminescence in-
tensity corresponds to the highest energy of the radia-
tion quantum. For all cases, the luminescence energy is
less than the fundamental SnO2 energy gap (3.54 eV),
which may indicate a trap-like luminescence character.

At all concentrations of SnCls solutions, which are
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present in the samples’ set, the PL spectra of the
formed SnOz nanoparticles ensembles have a broad-
band character (Fig. 2). This indicates the presence in
the system of at least two acceptor type recombination
centers close to the “ceiling” of the valence band. It can
be seen that together with the increase of impregnating
solution concentration there is a relative growth of
short wave band contribution to the total radiation,
with a simultaneous decrease of both band intensities.
The half-widths of the spectral lines for the entire
sample set are shown in Table 2.

Table 2 — The spectral line half-widths for SnO2 nanoparticle
ensembles at different concentrations of impregnating solution

Samples 1 9 3 1 5
Concentration
SnCls, % 2.5 5 75 | 125 | 25

The half-width of the

. 145 | 165 | 155 | 135 | 120
spectral lines, nm

From Table 3 it follows that the smallest width of
the spectral line corresponds to large concentrations
close to those at which the SnCls alcohol solution be-
comes a strong glass adhesive [9]. It should be sup-
posed that at these concentrations the solution does not
break the matrix yet, but it already begins to glue the
silica gel particles, freeing up space for the further
formation of aggregations after the thermosynthesis
reaction. In this case, the aggregation is intensive. The
spectral lines half-width reduces while reduction of the
concentration of the impregnating solution to 2.5 % is
probably related simply to a decrease in the total carri-
er concentration in the system. The absolute lumines-
cence maximum depending on random factors is in the
concentration range from 7.5 % to 5 %. This follows
from the fact that these concentrations of the SnCly
forming solution correspond to almost the same energy
of the emitted quanta, namely 2.37-2.39 eV.

4. CONCLUSIONS

As a result of studies of the luminescence of na-
noscale tin dioxide in the porous matrix, the following
features are established:

— the best luminescent response is obtained by the
ensemble of SnO2 nanoparticles formed in fine porous
silicate glass with residual silica gel in the pores by
impregnating it with an alcoholic solution of SnCls with
a concentration in the range of 5-7.5 % followed by
thermosynthesis;

—the applied method of ensemble creation corre-
sponds to the greatest width of the luminescence spec-
tral lines, which is inherent to the intensity of radiative
recombination;

— most likely, the luminescence of the specified sys-
tem has a trap character, with at least two types of
recombination centers — acceptors close to the valence
zone;

—in ensembles of SnOz nanoparticles created in po-
rous glass-depleted silica gel, the non-radiative recombi-
nation prevails, due to leakage channels through aggre-
gations, which are formed in the process of thermosyn-
thesis due to the absence of an insulating substance.
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Oco0smBocTi BUnpoMmiHoBaumHa HaHOPOo3MipHOro SnO: B mopucTiit maTpuisi
C.A. I'eBesiiok, B.C. I'pinesuy, LK. Joituo, d.1. Jlemix, JI.M. @inescbra

Hauionanvruti ynieepcumem imeni I.I. Meurnurxosa, 2, 8yn. Jleopancvra, 65082 Odeca, Yrpaina

JociimsreHo 0CcOOIHMBOCT] JIFOMIHECIIEHTHUX BJIACTHBOCTEN aHCAMOJII0 HAHOYACTHHOK JIOKCHAY CTaHYyMY,
CTBOPEHOI0 BCEPEIVHI MATPHUILH IIITAPUCTOr0 CHJIIKATHOIO CKJIA PI3HOT0 TUITY IPH PIZHUX YMOBAX TEPMOCHH-
Te3dy. IIpomemoHcTpoBaHO, 1110 HAMO1LIbIIA IHTEHCHBHICTS BUIIPOMIHIOBATILHOI PeKOMOIHAI] TpUTaMaHHa CH-
creMi, cOpPMOBaHI#M y APIOHOINIIAPUCTOMY CHIIKATHOMY CKJII 13 3aJIMINKOBHM CHJIIKAIesJeM y INIIapuHaX.
Cuutikaresib y boMy BHUIAIKY 3anobirae arperyBanHio HaHnodacTuHok SnOq. J{ia ycix Tunis marpurri eHep-
Tis CBITIHHA BUABUJIACSI MEHIIOK Big PyHIaMeHTAJIbHOI eHepreTruHol mianau SnQsz, 3BIOKKM 3po0JIEHO BH-
CHOBOK, II0 JIIOMIHECIIEHIIIsT 3a3HAYEHOI CUCTEeMM Mae IIACTKOBHI Xapakrep. BCTaHOBJIEHO HASBHICTH IIPU-
HAUMHI JBOX THUIIB IIEHTPIB PeKOMOIHAIII, 110 € OJM3bKMMU 10 BAJIEHTHOI 30HM AKIIENITOPAaMH. [HTEHCHUB-
HICTD JIIOMIHECIICHITI] 3MIHIOETHCA 3aJIeJKHO Bl CKJIAMy IIPEKypPCopy Y BUXITHOMY PO3YHMHI A1 3400yTHX 3pa-
3kiB. Ii MakcuMyM crocrepiraerses mpu 5-7 % XJIOPHJLY 0JI0BA y BEXLIHOMY PO3YMHI. 3a3HAUCHOMY PEIKIMY
CTBOPEHHS aHCAaMOJII0 BiAIIOBigae HANOIIbIIA MIMPUHA CIIEKTPAJIBHAX JIIHIA JIOMIHECIIeHIIi], 110 IPUTaMaH-
He HANOLIBLIIM IHTEHCHBHOCTI BHIIPOMIHIOBAJILHOI pexoMbinariii. HaliMeHmma mmpuHa CIeKTpasbHOL JIiHI
BIJIIIOBIJTA€ BEJIMKUM KOHIIEHTPAITISIM, HAUOIMKIMM JI0 THX, 38 AKUX cruproBuii poduuH SnCly mepersopio-
€ThCSA HA MIITHUN KJIEH IS CKJIA. 32 IIUX KOHIIEHTPAIA PO3YNH MOUYMHAE CKJICIOBATH YACTUHKY CUJIIKATEJIIo,
BUBLIHHIOIYH MICIIE JIJIs IT0IaJIBIIOT0 (DOPMYBAHHS arperariil mciisi peakiri TepMOCHHTe3y. ¥ IIhOMY BHIIA-
Ky arperyBaHHS BUSABJISETHCS HAWIHTEHCHUBHIMMM. Y aHcaMOiaax HaHodacTHHOK SnQgz, sIKI CTBOPEHO y
IIIAPUCTHUX CTEKJIAX, 110 301 JHeH] CHIKareseM, JOMIHye HeBHITPOMIHIOBAJIbHA PEKOMOIHAIIIS, 10 € 00yMOB-
JIEHOI0 KaHAJAMHU BUTOKY KPI3b arperariii, skl yTBOPIOOTHCS ITiTYaC TEPMOCHHTE3Y Y BIJICYTHOCTI 130JTI0I0UO01
pevoBmHU. Pesynbratu HOCITIIMKeHHS MOMKYTh OyTH BUKOPUCTAHUMU JIJISI CTBOPEHHS JIIOMIHECIIEHTHUX I'a30-
BHX ceHCOpiB Ha 0asi SnOs.

Kmiouosi ciosa: [liokcun onosa, [lopucra marpuis, Cumikatae ckiio, JIlomineceniisa, Ancam0Ji HaHOYA-
CTUHOK.
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