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Abstract. Optical characteristics of microcrystalline powders of solid solutions formed in
an Ag;PSg-AgsSiSg system were studied. The optical characteristics were determined by the
diffuse reflectance spectroscopy. The diffuse reflectance spectra were analyzed using the
Kubelka—Munk function and the Tauc method. The latter was used to take into account
the energy structure of the studied materials. As a result, pseudo-gap values of the
Ag7.x(P1xSiy)Ss solid solutions were estimated. It was found out that heterovalent
P*> — Si** cationic substitution within the anionic sublattice leads to a monotonic nonlinear
decrease in the pseudo-gap values, which confirms the presence of a structural disorder.
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1. Introduction

Continuously increasing energy demand viewed in the
context of natural energy resource depletion has led to
an intensive search for alternative energy sources that
would be environmentally friendly, cheaper, stable in
different environments, and resistant to external factors.
The search for new, less toxic, narrow-bandgap semi-
conductor materials has incepted the study of ternary and
tetrahedral chalcogenide semiconductor compounds
[1-4]. In this aspect, study of multifunctional materials,
including superionic conductors, which are characterized
by high ionic conductivity in solid state due to the
polyhedral crystal structure and a large number of
possible equivalent crystallographic positions with
partial occupancy that provides efficient ion migration
and diffusion, is of great interest [1, 6-9]. Recently,
the optical properties of ternary and quaternary silver
chalcogenides with an argyrodite structure have been
actively studied for photovoltaic technologies for solar
cell applications [3, 10-12]. In this aspect, the most
studied representative of argyrodites is canfieldite
AggSnSg, which is a structural analog of the initial
argyrodite AgsGeSg. The band gap Eg; of AgsSnSe
nanocrystals is 1.24...1.41 ¢V, and a long-term photo-
electrochemical activity is also observed [13].

Study of optical properties of ternary compounds
AgsGeSg, Ag;PSe and solid solutions based on them has
demonstrated that they belong to direct-band semicon-
ductors. Heterovalent cationic substitution P> — Ge™
leads to a decrease in the pseudo-gap value in the range
of 1.68 to 1.34 eV [14]. Quaternary representatives of
argyrodites AgsPSsl and Ag,Si(Ge)Ss! are characterized
by higher values of the optical pseudo-gap in the range of
1.55t0 2.03 eV [15, 16].

The properties of solid solutions depend on the
influence of the compositional disorder of the structure.
Study of order-disorder phenomena is required to under-
stand in detail the physical properties and the influence
of structural features on them. This will allow more
efficient use of multi-component silver chalcogenides for
practical purposes.

For this study, ternary compounds AgsSiSe, Ag;PSs
and solid solutions based on them were chosen [15-17].
The aim of this work is to study the optical characteris-
tics of microcrystalline powders of Ag7.x(P1xSix)Se (X =
0.0, 0.1, 0.25, 0.5, 0.75, and 1.0) solid solutions. Analysis
of the changes in the optical pseudo-gap allows us to
determine the effect of cationic substitution P*> — Si**
on the anionic framework disorder. In its turn, the latter
causes disorder of the mobile cationic Ag” lattice and are
directly related to the mechanism of ionic conductivity.
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2. Experimental

The initial components for synthesizing ternary sulfides
Ag;PSg and AggSiSg were silver (99.995%), phosphorus
(99.999%), silicon (99.9999%), and sulfur (99.999%)
taken in stoichiometric ratios. The synthesis was carried
out by a direct one-temperature method in quartz
ampoules evacuated to 0.13 Pa. The synthesis regime
included heating to a maximum temperature of 1125 K
(Ag7PSg) or 1300 K (AgsSiSe) at a rate of 50 K/h
and keeping at this temperature for 24 hours. The
polycrystalline alloys were homogenized by annealing at
800 K (Ag;PSg) and 913 K (AggSiSg) for 120 hours.
Cooling to the annealing temperature was carried out
at a rate of 50 K/h. A further decrease to the room
temperature was carried out in the furnace off mode.
Ag7.x(P1xSix)Se (X = 0.1, 0.25, 0.5, 0.75) solid solutions
were obtained by a direct one-temperature method from
the previously synthesized ternary compounds. The
synthesis regime included heating at a rate of 100 to
1300 K (with regard of the component with the highest
melting point) and keeping at this temperature for 24 h.
The annealing temperature was in the range of 800 to
913 K depending on the composition of the solid solution.
The annealing time was 120 h. Cooling down to the room
temperature was carried out in the furnace off mode [18].

The obtained Ag7.+x(P1xSix)Ss (x = 0.0, 0.1, 0.25,
0.5, 0.75, and 1.0) solid solutions were ground in an
agate mortar, followed by sieving through sieves of
appropriate porosity. As a result, micropowders of
Agr.x(P1xSix)Se solid solutions with the crystallite size of
~10 to 20 pm were obtained.

Optical characteristics were obtained using diffuse
reflectance spectroscopy, which is a non-destructive and
simple method for studying microcrystalline solid
solutions. Diffuse reflectance spectra were collected by a
Shimadzu UV-2600 double-beam spectrophotometer
(detectors: photomultiplier tube and semiconductor
InGaAs, spectral range: 220...1400 nm), equipped with
an ISR-2600Plus integrating sphere. The scanning step
was 1 nm. A standard cuvette with a quartz window was
used to study the powdered samples. Diffuse reflectance
(Ry) is defined as the ratio of the radiation intensity
reflected by a sample Rgmpie to the standard value Rgasoa.
BaSQ,, provided by Shimadzu and characterized by
~100% reflectivity in the studied spectral range, was used
as a reference material. The diffuse reflectance spectra
(Fig. 1) for further processing were obtained by
automatic fixation using the UVProbe software.

Three spectral ranges in the diffuse reflectance
spectra of Agr.+x(P1-xSiy)Se (x = 0.0, 0.1, 0.25, 0.5, 0.75,
and 1.0) solid solutions can be distinguished, namely:
(i) a strong optical absorption region below 640 nm,
(i) a region at 640...1100 nm, where Ry sharply
decreases and optical absorption edge appears, and
(iii) a low optical absorption region above 1100 nm.
Considering the region of the sharp decrease in Ry in the
concentration dependence of the solid solutions, a typical
shift (for solid solutions) of the short-wave edge of
diffuse reflection towards long-waves when P atoms
were replaced by Si was found out [14-16].
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Fig. 1. Diffuse reflectance spectra of the Ag7.x(P1_xSix)Se
(x=0.0,0.1,0.25, 0.5, 0.75, and 1.0) solid solutions.

3. Results and discussion
3.1. Processing of spectra

To estimate the optical transition energy values from the
spectral dependences of diffuse reflection, the Kubelka—
Munk function should be applied. This is one of the
fundamental principles used in the analysis of diffuse
reflection spectra for weakly absorbing samples [14-17].
In our case, the Kubelka—Munk function was used to
transform the diffuse reflectance spectrum into the
absorption spectrum according to Eq. (1):

bRy
2R, (hv)

[0
—ocQ,

F[Rd (h")] = s

@
where o is the absorption coefficient and s is the
scattering coefficient, respectively, the latter being
constant at a sample thickness much larger than the size
of a single crystallite [20].

It is well known that direct and indirect optical
transitions are possible in semiconductor materials. The
value of the optical transition energy E4 can be calculated
using the fundamental absorption, which corresponds to
electronic excitation from the valence band to the
conduction band. For a detailed optical characterization
of the Ag7.+x(P1xSix)Se (X = 0.0, 0.1, 0.25, 0.5, 0.75, and
1.0) solid solutions by diffuse reflectance spectroscopy,
the Kubelka—Munk function was applied using the Tauc
plot method (Eg. (2)) to take into account the band
structure of the materials under study [19, 20]:

[F(R, ] = Alv—E,). 0

Here, Ry is the wavelength dependent absolute diffuse
reflectivity, h is the Planck constant, v is the photon
frequency, A is the proportionality constant, and the
power n indicates the nature of optical electronic
transitions, respectively. The value n = 2 or 2/3 points to
direct allowed or forbidden transitions, while n=1/2 or
1/3 means indirect allowed or forbidden interband
transitions [20]. Taking into account the previous studies
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Fig. 2. Tauc plots for the Ag7.(P1xSiyx)Se (x = 0.0, 0.1, 0.25, 0.5, 0.75, and 1.0) solid solutions for direct forbidden transitions.
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Fig. 3. Tauc plots for the Ag7.(P1xSix)Ss (x = 0.0, 0.1, 0.25, 0.5, 0.75, and 1.0) solid solutions for direct allowed transitions.
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of the band structure of Ag;PSs, AgsGeSs, and AggSnSe
argyrodites [14, 21], it was concluded that these
argyrodites belong to direct-band semiconductors.
Therefore, to determine the intrinsic absorption
mechanism, two dependences, namely with n=2 and
n = 2/3 (Eq. (2)), were constructed [14]. Attribution of an
optical electronic transition to a particular type is defined
by the most linear dependence, i.e., the closer value of
the Pearson correlation coefficient (PCC) to unity [16].

Fig. 2 shows the graphical dependence of the
Tauc equation of the Kubelka—Munk function for
determining the intrinsic absorption mechanism in the
Ag7+x(P1.xSix)Se (x = 0.0, 0.1, 0.25, 0.5, 0.75, and 1.0)
solid solutions for direct forbidden transitions. Fig. 3
shows the Tauc plot for direct allowed transitions.

To determine the values of the optical pseudo-gap
of the Ag7.x(P1xSix)Ss (x = 0.0, 0.1, 0.25, 0.5, 0.75, and
1.0) solid solutions, the linear parts of the spectra in
the range of 1.5 to 2 eV obtained using Eq. (2) were
processed by the least-squares method (Figs 2 and 3).
The optical pseudo-gap values were found to decrease in
both cases (n=2 and n=2/3) with a decrease in the
electronegativity of the structure-forming element,
namely P (x =2.19) and Si (x=1.90) [22], in the [ES,]
tetrahedra, which are the basis of the anionic framework.

Thus, by combining the Kubelka—Munk function (to
transform the diffuse reflection spectra into the absorption
ones) with the Tauc plot method (to take into account the
band structure) and the multilevel least-squares approxi-
mation, the compositional dependences of the energies of
direct allowed (Fig. 2) and forbidden (Fig. 3) transitions
for the Ag7+x(P1xSix)Se (x = 0.0, 0.1, 0.25, 0.5, 0.75, and
1.0) solid solutions were obtained (Fig. 4) [16].

Analysis of the compositional dependence of the
optical pseudo-gap values for the Ag7.x(P1xSix)Se (X =
0.0, 0.1, 0.25, 0.5, 0.75, and 1.0) solid solutions demons-
trates that a decrease in the electronegativity of a tetra-
hedra-forming element (P* and Si**), i.e., heterovalent
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Fig. 4. Compositional dependences of the optical pseudo-gap of
the Ag7.x(P1.xSi)Ss (x = 0.0, 0.1, 0.25, 0.5, 0.75, and 1.0) solid
solutions for direct forbidden and allowed transitions.

cationic P*® — Si** substitution within the anionic sub-
lattice, leads to a monotonic nonlinear decrease in the
optical pseudo-gap in both n = 2 and n = 2/3 cases (Fig. 4).

Deviation of the compositional dependences for the
studied solid solutions from linear ones is described by
the following relation [16]:

E, (x) = E;(0) +[E, (1) — E, (0)]x —cx(1—X), (3)
where Eg(x = 0)=Ey4(0) and Ey(x =1) =E4(1) are the
optical pseudo-gap values for individual ternary sulfides
Ag;PSe and AggSiSe, respectively, and ¢ is the “bending”
parameter, which is a measure of deviation from linearity
of the function E4(x) (Fig. 4, dashed lines).

The value of the “bending” parameter ¢ may depend
on the deformation of the energy bands. Such changes in
the band structure may occur due to a change in the
electronegativity at the P (2.19) — Si (1.90) substitution
as well as due to structural disorder associated with the
change in the lattice parameters, but with certain
peculiarities. It should be noted that since the initial
sulfides Ag;PSg and AgsSiSe crystallize in different space
groups, P2,3 and Pna2;, respectively, the Agr.x(P1-xSix)Ss
solid solutions with x = 0. 0, 0.1, and 0.25 crystallize in a
cubic cell, while the solid solutions with x = 0.5, 0.75,
and 0.9 crystallize in an orthorhombic cell. Within these
space grou5ps, the lattice parameters in the heterovalent
cationic P*> — Si™ substitution process are characterized
by a tendency to monotonous nonlinear growth. Since an
orthorhombic cell may be considered as a deformed cubic
cell, the lattice parameters of both cells monotonously
change in the entire compositional range [18]. Thus, the
cationic heterovalent P — Si** substitution leads to
deformations of the anionic framework of the argyrodite
structure that may affect the electronic structure of the
solid solutions. At different n values in the Tauc equation
the values of “bending” parameter ¢ are close, regardless
of the nature of electronic transitions (Fig. 4). Therefore,
determining the most linear dependence (PCC value) is
quite controversial (Figs 2, 3), and it is impossible to
clearly identify the nature of electronic transitions.
However, in accordance with the theoretical basis of
the electronic band structure, at Ey(n = 2/3) < Eg4(n = 2),
the solid solutions most likely belong to direct-band
semiconductors characterized by forbidden optical
transitions [21].

4, Conclusions

The pseudo-gap energies E4 for microcrystalline powders
(the crystallite size of ~10...20 um) of pure Ag;PSe,
AgsSiSs and Agr+x(P14Siy)Ss (X = 0.1, 0.25, 0.5, and 0.75)
solid solutions with argyrodite structure were determined
by diffuse reflectance spectroscopy. The E, values were
determined using the Tauc plot method applied to the
diffuse reflectance spectra transformed using the
Kubelka—Munk function. As a result of the studies, the
disorder of the crystal structure of the Ag7.x(P1xSix)Ss
solid solutions induced by heterovalent cationic P*> — Si™
substitution within the anionic sublattice was confirmed.
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The Ag7.x(P1,Siy)Ss (X = 0.0, 0.1, 0.25, 0.5, 0.75, and 1.0)
solid solutions were found to belong to direct-bandgap
semiconductors and are characterized by forbidden
optical transitions.
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OnTHYHi XapaKTePUCTHKH MIKPOKPUCTATIYHUX MOPOIUKIB TBepANX POo3uHHIiB AJ7.x(P1_xSix)Se

T.0. MaaaxoBcbka, A.L Moroain, M.M. ®imxen, SI.I. Crynensk, O.I1. Koxan, B.1O. I3aii, P. Mapiituyk

AHotanis. JoCIiHKeHO ONTHYHI XapaKTePUCTUKU MIKPOKPHCTANIIYHAX MOPOIIKIB TBEPAHMX PO3UHMHIB, YTBOPCHHX B
cucteMi Ag;PSg-AggSiSe. OnTHYHI XapaKTEePUCTUKH BU3HAYCHO METOIOM qu(y3HOro BimOuTTs. Crektpu aupy3HOro
BinOWTTS MpoaHaizoBaHo 3a gornoMororo ¢pyHkiii Kybenkn—Mynka Ta metony Tayma. Meron Tayna BUKOpUCTaHO TS
BpaxyBaHHSl 30HHOI CTPYKTYPH MAOCHIDKYBaHMX MarepiayliB. Y pe3ysibTaTi OI[IHEHO 3HA4YCHHS ONTWUYHOI INUPUHH
3a00pOHEHOT 30HH TBEPAUX PO3UMHIB Ag7.x(P1 xSix)Ss 1 BCTAHOBIEHO, IO TETEPOBAJECHTHE KATIOHHE 3aMIIICHHS

** - Si* B aniouwiit MiATCPATI[i TPUBOJUTH IO MOHOTOHHOTO HEIIHIHHOTO 3MCHIICHHS 3HAYEHb ONTUYHOI IIUPHHU
3a00pOHEHO1 30HH, IO MIATBEPHKYE HASIBHICTD CTPYKTYPHOTO PO3YIOPSIKYBAHHS.

Kiro4uoBi cjioBa: onTHYHI BIACTUBOCTI, CHEKTPOCKOMISA MHU(Y3HOTO BiIOWTTS, MIKPOKPHUCTANIYHI IMOPOIIKH, METOX

Tayua, TBepai po34HHH.

Malakhovska T.O., Pogodin A.l., Filep M.J. et al. Optical characteristics of microcrystalline powders...
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