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Ellipsometric study of Agg.x(P1_xSiy)Ssl single crystals
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Abstract. Single crystals of Age.x(P1xSi)Ssl (x =0, 0.25, 0.5, 0.75, 1) solid solutions were
grown by directional crystallization from the melt. Grown crystals were investigated using
XRD and spectral ellipsometry. Ags.x(P1_xSix)Ssl crystals are characterized by formation of
a continuous series of solid solutions with a cubic F-43m structure. The studied samples
had a nonlinear spectral dependence of the refractive index n and the extinction coefficient k.
The presence of a sharp maximum of n and a rather sharp decrease in the k spectral
dependences are observed within the 570...730 nm range. The spectral dependence of the
refractive index was described by the single-oscillator Wemple-DiDomenico (WD) model.
Parameters of the Wemple—DiDomenico model for Age.x(P1-xSix)Ssl single crystals were
determined. The effect of heterovalent cationic P*> — Si™ substitution on parameters of the

Wemple-DiDomenico model was discussed.
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1. Introduction

Ternary and quaternary silver-based argyrodites with the
chemical formula Ag;, xE**Chals Hal, (E*" — Ga*, Si**,
P>*; Chal — S*, Se*, Te’; Hal — CI', Br, I') have
become notable materials in superionic and thermo-
electric applications [1-5]. Recent studies have revealed
that some ternary sulfides exhibit attractive photovoltaic
and photocatalytic properties. It is reported that synthetic
AgsSnSg in the form of nanocrystals or thin films has a
band gap of E = 1.4 to 1.50 eV [6-8], while the band gap
of the germanium-containing analogue AgsGeSg constitutes
1.4...1.466 eV [9, 10]. Meanwhile, quaternary argyro-
dites have higher values of band gap: from 1.527 eV
(Ag;GeSsl) to 2.030eV  (AgePSsl) [11,12]. Thus,
potentially the first one meets a theoretical requirement
of the Shockley—Queisser limit [13] for light absorbers in
simple solar cells and the second for tandem cells [14].
Quaternary argyrodites crystalize in a cubic crystal
system, SG F-43m with a similar cell parameter [15, 16].
A characteristic feature of argyrodite is the presence of a
significant number of partially occupied cation positions
(Ag"), causing a disorder of the cationic sublattice. As a
result, the appearance of the so-called Urbach tails is
observed for argyrodites. The temperature and composi-
tional dependence of Urbach tails in the solid solution
based on quaternary argyrodites are reported in [11, 12].
The refractive index investigations of quaternary argyro-

dites are limited to Age.x(P1xGe,)Ssl and Ag7(Si;—Ge,)Ss.
Also, these phases and their properties are the subject of
theoretical calculations and molecular dynamics
simulations [17-20] performed to better understand the
influence of structure disordering on their properties.

This work aims to contribute to the optical
characterization reported for single crystals of quaternary
argyrodites by performing ellipsometry experiments for
the first time.

2. Experimental
2.1. Sample preparation

The synthesis of Ags.x(P1_xSix)Ssl alloys (x = 0.25, 0.5,
0.75) was carried out from previously synthesized
quaternary AgePSsl and Ag;SiSsl. Individual compounds
were synthesized from high-purity elemental components
of Ag (99.995%), P (99.9999%), or Si (99.9999%), S
(99.999%), and previously synthesized Agl, taken in
appropriate proportions in quartz ampoules evacuated to
0.13 Pa according to the procedure described in Refs.
[16, 21]. The Agsx(P1xSix)Ssl alloys (x = 0.25, 0.5, 0.75)
were synthesized by a direct one-temperature method in
quartz ampoules evacuated to 0.13 Pa. The Age.x(P1xSiy)Ss|
samples were heated at the rate 50 °C/h to a maximum
temperature of 950 °C. At this temperature, the samples
were in the melt for 72 h. Subsequently, the samples
were cooled to room temperature at a similar rate. As a
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result, bulk polycrystalline alloys Age25Po75Si0.25Ssl,
Ags5P05SiosSsl, and  Age 75Po 25Si0.7sSsI weighing 20 g
each were obtained.

To establish the technological regimes (melt and
annealing zone temperatures) of single crystal growth
(Table 1), the obtained alloys were studied using
differential thermal analysis (Pt/PtRh thermocouples,
heating/cooling rate 700 °C/h). With account of the
nature of the temperature behavior of Age.x(P1_xSix)Ssl
solid solutions, their single crystals were grown by the
method of directional crystallization from melt-solution
in a two-zone vertical resistance furnace. The single
crystals were grown in evacuated quartz ampoules with a
conical lower part. The single crystal growth regime
included the following stages. (i) Formation of the
nucleus in the lower conical part of the ampoule by the
method of collective recrystallization for 48 h. (ii) The
movement of the crystallization front at a rate of
0.5 mm/h. (iii) The annealing of the obtained single
crystals for 72 h. (iv) The cooling of single crystals from
the annealing temperature to room temperature at a rate
of 5 °C/h. As a result, Agg.x(P1-xSix)Ssl single crystals of
dark gray color with a metallic luster with a diameter of
1.2 cm and a length of 3 to 4 cm were obtained.

2.2. Methods

The Age:x(P1-xSix)Ss| crystals were studied using X-ray
diffraction (XRD) and spectral ellipsometry. For XRD
analysis the AXRD Benchtop (Proto Manufacturing
Limited) equipped with a DECTRIS MYTHEN2 R 1D
detector, with Bragg—Brentano 6/20 imaging geometry,
Ni filtered CuKa radiation, 10...60° 20 angle scanning
range with a dynamic region of interest and 1 s exposure
was used. The grown crystals were ground in an agate
mortar and sieved to obtain a homogeneous powder.
Powder patterns were indexed and lattice parameters
were calculated in the EXPO 2014 program [22].

The spectral ellipsometry analysis of Aggx(P1_xSiy)Ss!
single crystals was performed using the HORIBA Smart
SE spectral ellipsometer, spectral range 440...1000 nm,
beam angle 70°. The dispersion of the refractive index n
and the extinction coefficient k were measured on plane-
parallel single-crystal plates of Age:x(P1-xSix)Ssl solid
solutions polished to optical quality with a thickness of
0.2 mm at the temperature of 25 °C. The results were
analyzed using the DeltaPsi2 software with the well-
known Tauc-Lorenz model [23], which allows the
determination of some important optical parameters
using the A and ¥ parameters obtained as a result of
measurements.

Table 1. Technological regimes for growing Age.x(P1xSix)Ssl
single crystals.

Composition Melt zoneo Annealing zoge
temperature, °C temperature, °C
Ags 25P0.75510.25S5] 870 550
Ags 5Po 5510 5Ss! 910 570
As.75P0.25510 7555 925 580
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Fig. 1. Comparison of Ags.x(P1_,Siy)Ssl solid solutions powder
patterns.
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Fig. 2. Compositional dependence of lattice parameters for
Ade:+x(P1-xSiy)Ss1 solid solutions.

3. Results and discussion

As a result of comparison (Fig. 1) of the powder patterns
of Agex(P1xSix)Ssl (x = 0.25, 0.5, 0.75) with those of
AgePSsl [16] and Ag,SiSsl [21], the presence of one
system of diffraction peaks was established, indicating
the formation of a continuous series of solid solutions
and the absence of impurity phases.

Thus, the single crystals of Age.25Po.75Si0.2555l,
Agel5P0.58i0.585| and Ag6_75P0.25Si0.75S5| solid solutions, as
well as individual AgsPSsl [16] and Ag;SiSsl [21]
crystallize in the structure of argyrodite in the space SG
F-43m, Z = 4.

It was found that the compositional behavior of the
lattice parameters (Fig. 2) has a monotonic nonlinear
character (positive deviation from Vegard’s rule),
indicating the disorder of the crystal structures of
Age+x(P1xSix)Ssl solid solutions compared to AggPSsl
and Ag;SiSsl.

It has been established that the spectral dependences
of the refractive index for all the compositions of
Age+x(P1xSix)Ssl solid solutions have a non-monotonic
nonlinear character, which is expressed in the presence of
a minimum and a maximum region (Fig.3a). The
presence of minimum regions (Fig. 3a) located within the
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wavelength range of ~ 470 to 560 nm (depending on the
composition of the solid solutions) is associated with
interband optical transitions, while the maximum regions
(~ 570 to 730nm) are located within the optical
absorption edge [24, 25]. It should be noted that within
the transparency range, with a further increasing the
wavelength the refractive index decreases monotonically
for all solid solution compositions (Fig. 3a). It is
noteworthy that, in contrast to the refractive index n, the
spectral behavior of the extinction coefficient k is more
monotonous (Fig. 3b), manifesting in the decrease in the

values of extinction coefficient k with increasing
wavelength (within the transparency range).
Thus, the heterovalent cationic P™ — Si*

substitution in Ags.x(P1-xSiy)Ss! single crystals leads to a
monotonic insignificant (2.54...2.68) increase in the
refractive index n (Fig.4) determined within the
transparency range (A = 1000 nm).

Let us consider the spectral dependence of the
refractive index n using the single-oscillator Wemple—
DiDomenico (WD) model in detail, where the variance of
refractive index is described by the following relation [26]:

2()_q_ Ed Eg'°
n?(E)-1--Fd Fo
(E(\)’VD)Z —E?
where E,*P is the energy of a single-oscillator, E;"P is the
dispersion energy.

@
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Fig. 4. Compositional dependence of the refractive index n for
Age+x(P1_,Si,) S5l single crystals.

The energy of a single-oscillator determines the
spectral variation of the refractive index and describes
the average energy of electrons transition between the
highest energy levels of the valence band top and the
lower levels of the conduction band in the band structure.
Thus, using the WD model, the band gap E, can be
estimated as

)

It should be noted that the dispersion energy reflects
the chemical nature and structure of the substance and
characterizes the average strength of the interband optical
transitions, which is shown by an empirical relation [27]:

EY® ~ 2BV

Ec\iND:BNcZaNel (3)
a
29t where B is a constant, typically p = 0.37 +0.04 eV for
compounds with a covalent bonds and = 0.26 + 0.04 eV
281 for compounds with an ionic bonds, N, is the
n coordination number of the cation in the anionic
271 polyhedron, N is the total number of valence electrons
per anion, Z, is the anion oxidation state.
Considering the above equations, one can summa-
26 rize that the dispersion energy is associated with changes
in the structural order of the material (the degree of ionic
24200 660 8(I)0 10'00 bonding,_ anion’s oxidation state, the coordination
A (nm) number in the structural polyhedra, etc.) [28, 29].
The values of the static (constant at an infinite
wavelength) refractive index n,""° and ionicity f;® were
08} L AgPS| calculated within the Wemple-DiDomenico model by
Ag,,.P,,.Si, .S, using equations (4) and (5), respectively [29]:
06 AgG,SPO.SSiO.SSSI
k Ag, ,.P, 581,55l Table 2. Parameters of the Wemple-DiDomenico model for
04} 1 SiS Agex(P1xSiy)Ss| single crystals.
WD WD WD
02k Composition (Egv) (EedV) (Egv) ne'® | P
» AgePSs! 517 | 26.49 | 259 | 2.47 | 0.44
0'200 = = - AgozsPorsSivzsSsl | 485 | 2546 | 243 | 250 | 0.4
A (nm) Age 5Po 510 5Ss! 438 | 23.80 | 219 | 253 | 043
Fig. 3. Spectral dependences of refractive index n (a) and Ads1PozsSlorsSsl | 388 | 2139 | 1.94 | 2.55 | 042
extinction coefficient k (b) for Age.,(P1_,Si,)Ss! crystals. Ag;SiSs| 3.72 | 20.60 | 1.86 | 2.56 | 0.42
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Fig. 5. Compositional dependences of the dispersion energy
E,"° and the estimated band gap values E,"° for
Ads:x(P1xSix)Ssl  single crystals. The inset shows the
compositional dependence of the static refractive index no™*°.
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All the parameters calculated within the Wemple—
DiDomenico model for Ags:x(P1-xSix)Ssl single crystals
are shown in Table 2.

Thus, it was found that the heterovalent cationic
P*® — Si** substitution leads to a monotonic nonlinear
decrease in the values of Eo"° (Table 2), E4"°, and E,"°
(Fig. 5), and an increase in the values of the static
refractive index no"'> (inset of Fig. 5), while the values of
ionicity ;P practically do not change (Table 2).

The decrease in the energy of a single-oscillator
(Table 2) and, as a consequence, the band gap
values E,"° (Fig. 5) are associated with the changes in
Agex(P1xSix)Ssl  band structure. Since, the optical
parameters of Age.x(P1xSix)Ssl are mainly responsible
for the tetrahedra [PS4] (AgsPSsl), [SiSs] (Ag;SiSsl) and
[P(S1)S4] (Ads+x(P1-xSix)Ssl (x = 0.25; 0.5; 0.75)), which
emerging from (Eq. (3)) and the results of calculating
ionicity f;"' (Table 2), one can summarize the following.
The decrease in the values of dispersion energy E4"°
(Fig. 5) induced by the heterovalent cationic P* — Si**
substitution is associated with a gradual decrease in the
number of valence electrons N, from 11 ([PS,4] tetra-
hedron) to 10 ([SiS,] tetrahedron) since the other para-
meters (Eq. (3)) for the above tetrahedra will not change.

WD
Eo

4. Conclusions

Grown using the directional crystallization
Agex(P1_,Siy)SsI (x =0, 0.25, 0.50, 0.75, 1) crystals were
studied using the powder XRD and spectral ellipsometry
methods. It has been ascertained that all studied samples
crystallize in a cubic SG F-43m, indicating the formation
of a continuous series of solid solutions. The lattice
parameters of Age:x(Pi_Six)Ssl were determined. The
spectral dependences of the refractive index n and the

extinction coefficient k were investigated. The obtained
results were analyzed within the Tauc—Lorenz model. To
describe the dependences of the refractive index and
calculate the single-oscillatory E;"° and dispersion E4"°
energies, the Wemple-DiDomenico single-oscillatory
model was used. It was ascertained that the heterovalent
cationic P™ — Si* substitution induces the monotonic
nonlinear decrease in the compositional dependences of
EOWD and EdWD.
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Eaincomerpuyne A0CaixKeHHsT MOHOKPUCTATIB Agg,y(P1_,Siy)Ssl

A.L Horoain, M.M. Ilon, 1.O. llenaep, M.J. ®inen, T.0. Manaxoscbka, O.I1. Koxan, K.B. Cky0Oenuu, B. I3aii

AHotauisi. MoHokpuctanu TBepaux po3uuHiB Ageix(P1 xSix)Ssl (x = 0, 0.25, 0.5, 0.75, 1) BupouryBaiu MeToa0M
CHpsIMOBAHOT KpHUCTai3alii 3 po3uiaBy. BuporeHi kpucranu I0CHiDKyBaIl METOJIaMHU PEHTI€HIBCHKOTO (a30BOTrO
aHamizy Ta crekTpansHoi emincometpil. Kpucramu Ags.x(P1xSix)Ssl XapakTepu3yroThCst YTBOPEHHSIM HETEPEPBHOTO
psny TBepAMX pPO34MHIB 3 KyOiuHOWO crpykrypoto F-43m. JlochmimkyBaHi 3pa3kd MalOTh HEJIHIHHY CIEKTpalbHYy
3aJIEXKHICT IOKa3HUKAa 3aJOMIEHHS N i koedimienra excruskmii K. B o6macri 570...730 HM crocTepiraeTbes
HAsBHICTH Pi3KOr0 MakCMMyMY UL N i JOCUTb PI3KUil Craj CHEeKTpanbHUX 3anekHocTedl K. CriekTpanbHa 3a1ekHICTh
MOKa3HMKA 3aJIOMJICHHSI OITHCYETHCS OJJHO-OCHMIATOPHOIO Mojemo Bemruta—/li/lomeniko. BusHaueHo mapamerpu

moneni Bemmia—/[li/lomeniko s MoHOKpHUCTAMiB  Agex(P1 xSix)Ssl.

O6ro BOPCHO BIUIMB TCTCPOBAJICHTHOI'O

KarionHoro 3amimenss P — Si** na napameTpu Mozeri Bemruia—/i/lomeHiko.

Karouosi ciioBa: apripozn/IT, MOHOKpPHUCTAJI, IOKA3HUK 3aJIOMJICHHA, 3a6op0HeHa 30Ha.

Pogodin A.l., Pop M.M., Shender 1.0. et al. Ellipsometric study of Age.x(P1_Six)Ssl single crystals

220


mailto:mfilep23@gmail.com
http://orcid.org/0000-0001-7017-5437
mailto:t.malakhovska@gmail.com
mailto:aleksandr.kokh@gmail.com
http://orcid.org/0000-0003-1534-6779
mailto:katjaskubenytch@gmail.com
https://orcid.org/0000-0001-9518-2086
mailto:vitalii.izai@fmph.uniba.sk
https://orcid.org/0000-0001-7512-3388

