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Abstract. AggSiSg single crystal was grown by directional crystallization from melt. A
crystal sample was investigated by optical ellipsometry and spectroscopy. This sample had
nonlinear spectral dependences of the refractive index n and the extinction coefficient k.
The presence of a sharp maximum in the spectral dependence of the refractive index and a
rather sharp decrease in the values of the extinction coefficient k at the wavelength of
780 nm were found. The behavior of the optical absorption edge of the AggSiSs single
crystal in the temperature range of 77...300 K was studied. An exponential dependence of
the absorption coefficient a obeying the Urbach rule was observed at all the investigated
temperatures. The optical pseudo-gap Eg* and the Urbach energy Ey were calculated from
the obtained experimental data. An increase in temperature of the AggSiSe crystal was
found to lead to a monotonic, almost linear decrease in Eg* (1.853...1.615 ¢V) and a
monotonic nonlinear increase in Ey (44.32...55.01 meV). The contributions of the
temperature-independent (Ey)x,c and temperature-dependent (Ey)r components to the total

Urbach energy E for AgsSiSg were evaluated within the Einstein model.
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1. Introduction

Study of optical properties of materials is an important
field of both optics and materials science as well as
relevant for a large number of scientific and technical
fields, including solid-state physics, crystallography,
photonics, nanotechnology, and others. These studies
allow us to establish relationships between the structure
and optical characteristics of the materials under study,
which are key for developing new materials with improved
optical properties or for optimizing existing materials for
specific applications [1-4]. Understanding optical
properties and their possible applications is crucial for
developing new optical devices and systems [5, 6].
Ternary and more complex silver-based compounds
belong to potential optical materials [7-11], which are
characterized by wide wave operating regions. Among
these compounds, complex sulfides called argyrodites
have attracted considerable interest in recent years as
perspective optical materials [12, 13]. They have an
optimal band gap energy according to the Shockley—

Queisser limit [14]. Argyrodite (AgsGeSg) and canfieldite
(AgsSnSg) nanocrystals are characterized by Eg4 in the
range of 1.24...1.41 eV [13, 15]. Possible applications of
AgsGe(Sn)Se-based materials include light absorbers in
thin film solar cells and photoanodes for photoelectro-
chemical water splitting.

A defining characteristic of argyrodites is the
presence of a disordered cationic sublattice within the
voids formed by the ordered tetrahedral dense packing
[16-18]. This causes the appearance of the so-called
Urbach tails, i.e. the fundamental optical absorption edge
has an exponential shape (Urbach’s rule) [19, 20].
Investigation of the absorption edge behavior in a wide
temperature range allows one to determine the
parameters that influence the mechanism of light
absorption. Moreover, a detailed study of the temperature
dependence of the band gap values extends practical
applications of the materials.

In this study, AggSiSs, a selenium-containing analog
of canfieldite, was chosen for the study. AggSiSg crystal
has a primitive orthorhombic cell with the cell parameters

© V. Lashkaryov Institute of Semiconductor Physics of the NAS of Ukraine, 2024
© Publisher PH “Akademperiodyka” of the NAS of Ukraine, 2024

280


mailto:artempogodin88@gmail.com

SPQEO, 2024. V. 27, No 3. P. 280-286.

a=15065A,b=7439 A, c=10.545 A and Z=4 and
belongs to the space group Pna2; [21]. As is typical for
all ternary argyrodites, AggSiSs undergoes structural
phase transition (Pna2; < F-43m) at 513 K [21].

This work is aimed at the study and modeling of
spectral dependence of dispersion of refractive index and
temperature dependence of optical transmission spectra
of single crystalline AggSiSg samples.

2. Experimental
2.1. Materials and methods

20 g of AggSiSg were synthesized from elemental high-
purity Ag (99.995%), Si (99.9999%), and S (99.999%)
taken in stoichiometric ratios, in a quartz ampoule
evacuated to 0.13 Pa. The synthesis regime included
heating to 450 °C at a rate of 50 °C/h and keeping at this
temperature for 48 hours to ensure interaction of all the
sulfur with silver and silicon. After the exposure, the
synthesis temperature was increased to 1015 °C (50 °C
above the AgsSiSe melting point) at a rate of 50 °C/h, and
the melt was kept at this temperature for 72 hours. After
completion of the chemical interaction, the AggSiSs melt
was cooled down to room temperature at the rate 50 °C/h.
As a result of the synthesis, a dark gray polycrystalline
alloy was obtained. It was transferred to a special quartz
ampoule for the growth of the single crystal.

AggSiSg single crystal was grown by directional
crystallization from the melt in an evacuated quartz
ampoule placed in a two-temperature tube furnace with
independent control of each zone. The temperatures in
the melt (upper) and annealing (lower) zones were
1015 °C and 640 °C, respectively. The crystallization
front was moved at a rate of 0.5 mm/h. The AggSiSs
single crystal was annealed for 72 h in the lower zone to
relieve thermal stresses and then cooled down to room
temperature at a rate of 5°C/h. As a result, a single
crystal of dark gray color with a metallic luster, 4 cm
long and 1.2 cm in diameter was obtained.

The refractive index n and extinction coefficient k
of the AggSiSe single crystal were studied using a Horiba
Smart SE spectral ellipsometer in the spectral range of
440...1000 nm at an incidence angle of 70° The
obtained experimental results were analyzed with the
DeltaPsi2 software using the Tauc—Lorenz model [22, 23].

Optical transmission spectra were measured in the
spectral range of 450...1100 nm at temperatures of
77...300 K using a LOMO KSVU-23 grating mono-
chromator (resolution ~ 1 A). The value of the absorption
coefficient o was calculated according to the known
formula (Eg. (1)) based on the experimental transmittance
spectrum T' [24, 25]:

(1-R) +4/(1-R)" +4T"?R?
21’
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where d is the sample thickness and R is the specular
reflection coefficient, respectively.

The specular reflection coefficient R was calculated
(Eq. (2)) from the spectral dependence of the refractive
index according to the well-known Fresnel equation [25]
for normal incidence:

3. Results and discussion

n -1
n+1

)

The spectral dependences of the refractive index n and
the extinction coefficient k (Fig. 1) were found to be non-
monotonic and non-linear. This is demonstrated by the
presence of a sharp maximum on the spectral dependence
of the refractive index n and a rather sharp decrease in
the values of the extinction coefficient k (Fig. 1) at
780 nm (1.586 eV). It should be noted that the spectral
region of A < 780 nm corresponds to the optical
absorption edge of AggSiSe. It is noteworthy that in the
longer-wavelength region, i.e., in the transparency region
of AggSiSe, the values of the refractive index and the
extinction coefficient are characterized by a tendency to a
sharp (n) and monotonous (k) decrease (Fig. 1).

The spectral dependence of the refractive index is
well described by the Wemple-DiDomenico model

(Eq. (3)) [26]:
EVPENP
BT e

where Eo"" is the energy of a single oscillator and E4"P
is the dispersion energy, respectively.

The Wemple-DiDomenico model describes the
dispersion of the refractive index based on the
relationship between the refractive index and the width of
the pseudo-gap. This model is used to explain the
peculiarities of the dispersion of the refractive index in
the transparency region of the material. It should be
noted that the parameters of the Wemple-DiDomenico
model are important for understanding and modeling the
behavior of semiconductor devices and are used to
optimize their characteristics [26].
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Fig. 1. Spectral dependences of refractive index n and
extinction coefficient k of AggSiSe.
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As a result of the analysis (Eqg. (3)), the single
oscillator energy value E,"'° was found to be 3.24 eV,
and the dispersion energy Eq"° to be 17.7 eV. The latter
parameter characterizes the average energy of interband
optical transitions and may be related to changes in the
structural order/disorder of the material (ionicity, anion
valence and coordination number). It is known [27] that
the energy of a single oscillator Eo"P is related to the
value of the band gap E, by the ratio E;"® ~ 2E,"°.
Therefore, the value of the band gap E,;"® for AgsSiSs
estimated by this ratio is ~ 1.62 eV.

Using the Wemple-DiDomenico model and Egs.
(4) and (5), the value of the static refractive index no"'°
was found to be 2.57, and the value of f;"°, which is
responsible for the ionicity of the material, is 0.65:

1
EWD 2
nX“D{n “WD} , @
0
EWD 2
WO :{E?ND} (5)
d

It was found that in the entire studied temperature
range, the energy dependences of Ina in the optical
absorption edge region are exponential (Fig. 2),
indicating that they obey the Urbach rule [24, 28]:

hv-E,

)

Here, oy and E, are the coordinates of the convergence
point of the Urbach “bundle”, hv and T are the photon
energy and temperature, respectively, and Ey(T) is the
Urbach energy.

An increase in temperature was found to lead to a
shift in the spectral dependences towards shorter wave-
lengths (Fig. 2), which indicates a decrease in the Eg value.
However, given the nature of the In a(hv) dependences, it
is only possible to discuss the optical pseudo-band gap Eg*,

a(hv,T)=q, exp{ (6)
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Fig. 2. Energy dependences of the logarithm of the absorption
coefficient for AggSiSg single crystal in the temperature range
from 77 K (1) to 300 K (6).

which is associated with a “blurred” optical absorption
edge, i.e., absence of clear linear areas in the absorption
edge region. This blurring is caused by masking of direct
optical absorption transitions by low-energy (long-wave)
Urbach tails. The authors [29] proved that using of the
value of the pseudo-gap energy Eg* instead of the band
gap energy Eg is quite correct in this case. As a result, the
value of the pseudo-gap energy Eg* is taken at a fixed
value of the absorption coefficient a equal to 10® cm ™,

It should be noted that extrapolation of the linear
(high-energy) sections of the In o(hv) dependences
indicates the presence of one intersection point with the
coordinates o, and Ey and leads to the appearance of a
well-known Urbach “bundle” (Fig. 2). This behavior
indicates the absence of phase transitions in AggSiSg in
the studied temperature range and the same mechanism
of electron-phonon interaction (EPI).

Applying Eg. (6) to the optical absorption spectra
(Fig. 2), we calculated (Table 1) the values of the
pseudo-gap energy Eg*, the Urbach energy E (parameter
of optical absorption edge blurring), and the optical
absorption edge steepness parameter ¢ that is related to
EPI by the Mahr formula [28]:

oefflz]

nw,

where %o, is the effective average phonon energy in a
single oscillator model, k is the Boltzmann constant, and
oo is the parameter related to the EPI constant g as
Cp = 2/39

It should be noted that if the parameters ¢ and o, are
smaller than 1, EPI is strong [30], and the smaller they
are, the stronger EPI is.

It was found that an increase in temperature leads to
a monotonic increase in the parameter ¢ (Fig. 3), which
indicates weakening of EPI. But regardless of this, EPI is
strong in the entire temperature range under study. It is
important to consider the temperature dependence of the
pseudo-gap Eg* and the Urbach energy Ey, as illustrated
in Fig. 4.
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Fig. 3. Temperature dependence of the optical absorption edge
steepness parameter G.
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Fig. 4. Temperature dependences of the pseudo-gap Eg* and

the Urbach energy E, for AggSiSg crystal.

An increase in temperature leads to a monotonic,

almost linear decrease in the values of the pseudo-gap Eg*

(1.853...1.615 eV) and a monotonic nonlinear increase in
the Urbach energy Ey (44.32...55.01 meV) (Fig. 4) for
the AggSiSe crystal. The latter indicates that an increase
in temperature increases the disorder in the AgsSiSg
structure. It should be noted that the temperature
dependences of o, Eg* and E are well consistent with
each other. The change in these parameters is primarily
due to the temperature-stimulated increase in the
amplitude of atomic vibrations in the crystal structure of
AggSiSg. This can lead to an increase in the volume and
deformation of the structure-forming polyhedra, which
causes an increase in the unit cell parameters of the
AgeSiSs and weakens interatomic interactions as a
consequence. As a result, the electron density of local
hybridized atomic orbitals is redistributed and their
energy level in the electronic structure is blurred. Due to
this, the decrease in the EPI (Fig. 3), the increase in the
Urbach energy, and the decrease in the pseudo-gap
(Fig. 4) with temperature are observed.

The temperature dependences of the pseudo-gap Eg*
and the Urbach energy Ey were described using
Einstein’s relations, which allowed us to determine the
values of the parameters Eg (0), Sy, 0g, (Eu)o and (Ey)y
(Table) [31, 32]:

E.(T)=E;(0)-s;ko, {m} (8)
O e P | ®

where S, is the dimensionless constant, ¢ is the Einstein
temperature, and (Ey), and (Ey), are the constants,
respectively.

It was shown in [33] that the Urbach energy Ey is
related to the temperature and structural disorder, which
ultimately affect the shape (blurring) of the optical
absorption edge described by the following relation:

Ey = (EU)T +(Eu )x +(Eu )c = (EU)T +(Eu )x+c . (10)

Table. Optical absorption edge and EPI parameters for AggSiSs
single crystal at 300 K.

o (cm ) | Eo (eV) | Ey (V) |Ey (meV) ho, (MeV)

4.93 10"

Go

2.84 1.615 55.01 |0.66| 58.79

*

0 (K) | (Eu)o (MeV) | (Eu): (meV) | E;(0) V) | S,

214.60 43.60 7.80 1.87 14.97

Here, (Eu)t, (Eu)x and (Ey)c are respectively the
contributions  of  temperature,  structural  and
compositional disorder to the Urbach energy Ey [33].

The temperature and structural contributions (Ey)r
and (Eu)x:c to the total Urbach energy Ey are
independent, which means that the total Urbach energy
can be expressed as the sum of the temperature and
structural contributions. The origin of the temperature
disorder is described above. The structural disorder
includes the presence of additional defects in the crystal
structure, such as dislocations, vacancies, etc., as well as
microstructural defects, such as microcracks, planar
defects, and small-angle boundaries. The latter can
appear due to phase transformations. It is known [21] that
AggSiSg is characterized by a high-temperature (240 °C)
F-43m«Pna2; phase transformation. Therefore, it is not
surprising that the structure-dependent contribution
(Ey)x+c to the total Urbach energy Ey of AggSiSg is
dominant and amounts to 79%.

4. Conclusions

The optical properties of the AggSiSg single crystal have
been studied by spectral ellipsometry and optical
spectroscopy. The refractive index dispersion is
demonstrated to have a maximum coinciding with the
optical absorption edge and is well described by the
Wemple-DiDomenico model. The optical absorption
edge of the studied AggSiSe in the temperature range of
77...300 K has an exponential shape and corresponds to
Urbach’s rule. The temperature behavior of the Urbach
absorption edge is determined by EPI, which is quite
strong in AggSiSg crystals.

The temperature dependences of the optical
pseudo-gap Eg* and the Urbach energy Ey have been
experimentally obtained. They are well described in the
framework of the Einstein model. A shift of the optical
absorption edge towards high energies and a decrease
of the Urbach energy are observed at decreasing
temperature.  Contributions of the temperature-
independent (Ey)x,c and temperature-dependent (Ey)r
components to the total Urbach energy Ey for AggSiSg
are evaluated within the Einstein model. The blurring
of the optical absorption edge is found to be mainly due
to the contribution of static structural disorder to the
Urbach energy (79%) as compared to the contribution of
the temperature component.
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Oco6auBOCTi ONTHYHOT MOBETIHKN MOHOKpHCcTaia AggSiSe
A.L Ioroain, 1.0. Hlenaep, M.M. Ilomn, M.MH. ®inen, T.0. Manaxoscebka, O.I1. Koxan, B.JO. Izaii, P. Mapiiiuyk

Anoranisi. MorokprcTan AggSiSg GyIT0 BHPOIIEHO METOJOM CIPAMOBAHOT KpUcTaiizarlii 3 po3miaBy. Kpucramiaumit
3pazok AggSiSg Oyino AOCHIMKEHO METOJaMH ONTHYHOI elnincoMerpii Ta cnekrpockomii. CreKTpaibHi 3aJeKHOCTI
MOKa3HWKA 3aJOMJICHHS N 1 KoedilieHTa eKCTHHKII K 3pa3ka MarTh HemiHiiHWNA Xapakrep. Byao BCTaHOBIEHO
HasIBHICTh PI3KOTO MakKCHUMYMY B CIIEKTPAJIbHIH 3aJIe)KHOCTI MOKAa3HMKAa 3JIOMJICHHS 1 pi3Ke 3MEHIICHHS 3HAYCHb
koeimienTa exctuHkiii K mpu gowxuni xBumi 780 HM. Byino mocmimkeHO MOBEOIHKY KPar ONTHYHOTO TTOTIHHAHHS
MoHOKpucTana AggSiSg y TemmeparypHomy iHTepBami 77...300 K. Tlpm BeiX mOCHIKEHHX TeMIIEpaTypax
criocTepirajiacsi eKCIOHEeHIIaIbHA 3aJISKHICTh KoedillieHTa MOTJIMHAHHS 0., SKa MiIIOPIIKOBYEThCS MpaBuiy Ypoaxa.
3 OTpUMaHHX EKCHEPUMEHTANBHUX MaHUX OyJI0 pO3paxOBaHO ONTHYHY IICEBIOIIMPHUHY 3a00POHEHOT 30HU Eg* Ta
eHeprito Ypbaxa Ey. Bymo BcraHoBieHo, 1m0 st MOHOKpHCTana AggSiSg MiIBUIIECHHS TEMIEPATypH MPUBOIUTH 10
MOHOTOHHOT'0, Mai)ke JIHIHHOTO 3MEHIICHHS Eg* (1.853...1.615 eB) Ta MOHOTOHHOTO HeJiHiiiHOTO 30iMbIIEHHS Ey
(44.32...55.01 meB). B pamkax moneni EifHmiteliHa Oyno OLIHEHO BHECOK TeMIeparypHo-He3anexHoi (Ey)xc 1
TeMIiepaTypHo-3anexHoi (Ey)r KOMIOHEHT y mOBHY eHeprito Ypbaxa Ey mis AggSiSe.

Karouosi ciioBa: apFipOI[I/IT, MOHOKpHCTAJI, Kpaﬁ ONTUYHOTO NOTJIMHAHHS, TPaBUJIO Yp6axa.
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