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Abstract. (Ag;AsS;).(AsyS3)1., (x = 0.3; 0.6; 0.9) thin films were deposited onto a silica
substrate by rapid thermal evaporation. The amount of Ag-rich crystalline phase
precipitates on the surfaces of the films increases with Ag;AsS; content. It has been
shown that the absorption edge spectra are described by the Urbach rule. The temperature
behaviour of absorption spectra was studied, the temperature dependences of energy
position of absorption edge and Urbach energy were also investigated. The influence of
compositional disordering due to Ag;AsS; introduction into As,S; on the optical
parameters of (Ag;AsS;3)(As,S;)1., thin films were analyzsed. The spectral, temperature
and compositional behaviour of refractive index for (AgzAsS;),(As,S3)_, thin films were
studied.
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1. Introduction

Glasses and composites of Ag—As—S system are
promising materials for creation of solid electrolytes,
electrochemical sensors, electrochromic displays efc. [1,
2]. It should be noted that, in comparison with crystalline
solid electrolytes, chalcogenide glasses are more
technological, simple and lower-cost in production.
Recently, we have reported about the structure [3],
electrical conductivity [4], and optical absorption [5] in
superionic Ag;AsS;—As,S; glasses and composites. X-ray

studies have manifested the glasses of Ag—As—S system to
get separated after adding the proustite Ag;AsS; crystal to
the base As,S; glass [4]. It should be noted that one can
distinguish three different structural states in the whole
compositional range of the (Ag;AsS;),(As;S;3),, system:
glassy state for x= 0...0.4, composite state with
crystalline smithite AgAsS, inclusions for 0.4 <x <0.6,
and a composite state with crystalline smithite AgAsS,
and proustite Ag;AsS; inclusions for 0.6 <x <1 [6].

Thin films in above mentioned system were mostly
prepared by a deposition onto the substrates using
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vacuum coating techniques, i.e. thermal evaporation
accompanied by a thermal or photo-induced dissolution
of silver in As,S; matrix [7, 8]. In Ref. [9], we have
presented the results of  deposition of
(Ag3AsS3)06(AS2S3)04 thin films by the rapid thermal
evaporation in vacuum. SEM and AFM imaging of the
thin films revealed numerous micrometer-sized cones on
their surfaces. It was shown that annealing and
illumination lead to the increase of the energy position
of absorption edge, and to a decrease of the refractive
index. The influence of the deposition technology on
structural and optical properties of (Ag;AsS3)o.6(AS253)04
thin films was studied in Ref. [10]. In Ref. [11], we have
reported on the temperature behavior of optical
absorption edge and  refractive index in
(Ag3ASS3)o_6(ASZS3)Q_4 thin ﬁlms, while the phOtO-
induced changes were investigated in Ref. [12].

This paper is devoted to deposition, investigation of
optical transmission spectra, analyses of optical
absorption edge and refractive index dispersion as well
as the compositional studies of optical parameters in
(Ag3AsS;5)4(As,S3)) « thin films with x = 0.3; 0.6; 0.9.

2. Experimental

Synthesis  of (AgzAsS;)(AsyS3)1 glasses and
composites with x = 0.3; 0.6; 0.9 was carried out at the
temperatures 820...840 K for 24 h with subsequent melt
homogenization for 72 h. Thin films were prepared by
rapid thermal evaporation from the corresponding
material at near 1350 °C in vacuum (3-10°° Pa) using the
VU-2M setup. The material was initially placed in a
tantalum evaporator perforated for preventing the
material falling out on a glass substrate kept at room
temperature. The film thickness was measured using an
Ambios XP-1 profile meter.

Structural  properties of the films under
investigation were studied using scanning electron
microscopy (Hitachi S-4300). It is shown that increase
of AgzAsS; in thin films leads to appearance of cones
and nano-size inclusions on the top of as-evaporated thin
films surface with chemical composition different from
that of the main film (Fig. 1). The number of cones on
the surface of the investigated thin films increased with
increase of AgzAsS; content.

The chemical composition of as-deposited thin
films was determined using EDX technique. Thus, the
films deposited from (Ag;AsS;)o3(As2S;3)07 glass were
Ag- and As-enriched and had a deficiency of sulphur
(Ag15As8,,S19) in comparison with the initial bulk
material (AgooAs;;S;); the films deposited from
(AgzAsS;3)06(As2S;3)04 composite had the Ag content
most close to initial bulk material (Ag; sAs;4S3), since it
is As-enriched and has a deficiency of sulphur
(Agi3As,S54); the films deposited from
(Ag3AsS3)09(As2S3)01 composite were As-enriched and
had a deficiency of silver and sulphur (Ag;;As;,S,6) in
comparison with the initial bulk material (Ag,;As;S;).

Fig. 1. SEM

images  of

(Ag3AsS;3)03(AsS3)07 (a), (AgzAsS3)o6(AS2S3)04
(Ag3AsS3).9(As;S3)0.1 (c) thin films.

thermally  evaporated

(b) and

Optical transmission spectra were studied within
the range of temperatures 77 to 300 K by using the
MDR-3 grating monochromator and UTREX-type
cryostat. From the temperature studies of interference
transmission spectra, the spectral dependences of the
absorption coefficient as well as dispersion dependences
of the refractive index were derived [13].

3. Results and discussion

Interferential transmission spectra of
(Ag3AsS;3)(As;S3)) , thin films are the same for all the
investigated films. Fig. 2 presents, as an example, the
interferential transmission spectra of
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(Ag3AsS3)09(As2S3)0.1 thin film at various temperatures
within the range 77...300 K. With temperature increase,
the longwave shift of high-energy parts of transmission
spectra and transmittance decrease at interferential
maxima are observed. Based on the interferential
transmission spectra, the spectral dependences of
absorption coefficient and refractive index were
obtained. It has been shown (Fig.3) that the optical
absorption edge in the region of its exponential
behaviour is described by the Urbach rule [14]:

hv-FE
ali1)=ay -oxp| S0 |
hv—EO} M

Ey(T)

where Ey is the Urbach energy (a reciprocal of the
absorption edge slope Ey~' = A(lna)/A(hv)), o is the
absorption edge steepness parameter, oy and Ey are the
convergence point coordinates of the Urbach bundle.
The coordinates of the Urbach bundle convergence point
oy and E, for the (Ag;AsS;)(As,S;3);., thin films are
given in Table. It should be noted that o and E, values

for the films under investigation increase in comparison
with those in the As,S; thin film.

=0q, -exp{

Table. Parameters of the Urbach absorption edge and EPI
for As;S3, (AgiAsS3)o3(As2S3)0.7, (Ag3ASS3)0.6(AS2S3)0.4 and
(Ag3ASS3)0.9(ASZS3)0.1 thin films.

- < < 2

& 2 z = =

- < %5 %5 %5

< < <

=T0] on =T1]

< < <

E¢ (eV) 2.746 | 2.681 2.086 2.382
Ey (meV) 109.4 231 403 264
dp (cm™) 534-10* | 9.6:10* | 3.2:10° | 6.9-10°
Eo (eV) 2754 | 2831 2.828 3.076
0o 0264 | 0.155 0.106 0.171
ho, (meV) 30.2 59.6 77.7 84.2
0 (K) 351 249 301 227
(Ey), mev) | 572 181 360 238
(Ey), mev) | 1147 | 645 742 28.9
EZ(0) (V) | 2529 | 2714 | 2165 | 2.449
s¢ 15.1 1.95 5.27 3.89
n 2.42 3.58 3.08 2.54
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Fig. 2. Optical transmission spectra of (Ag;AsS3)o.9(As2S3)0.1

thin film at various temperatures: 77 (1), 150 (2), 200 (3), 250

(4), and 300 K (5).

0.10F .
e
0.05|
12
100
[+
£
260 >
or 5 250 E’
4_, u
1 240
3 /
2
L
2.0

hv (eV)

Fig. 3. Spectral dependences of the absorption coefficient of
(Ag3AsS3)0.9(As,S3)0 1 thin film at various temperatures: 77 (7),
150 (2), 200 (3), 250 (4) and 300 K (5). The inserts show the
temperature dependence of the steepness parameter ¢ (a) and
temperature dependences of the absorption edge energy
position Ef (a.=5-10* cm™) (7) and Urbach energy Ey (2) for
(Ag3AsS3)0.9(AS2S3)01 thin film (b). The size of experimental
point symbols exceeds the error bars which are +5-10* eV for
E,*and +2:10™ eV for Ey.

The temperature behaviour of the Urbach
absorption edge in (Ag;AsS;)(As;S;3); films is
explained by electron-phonon interaction (EPI) which is
strong in the films under investigation. The EPI
parameters are obtained from the temperature
dependence of absorption edge steepness parameter
(Fig. 3) using the Mahr formula [15]:

G(T):GO{ZkT}tanh[hmpj, 2

h(op 2kT

where 7w, is the effective phonon energy in the one-

oscillator model describing the electron-phonon
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interaction (EPI), and oy is a parameter related to the EPI
constant g as o = (2/ S)g_1 (parameters 7o, and o, are

given in Table). For the (Ag;AsS3)0.9(AS2S3)0.1 thin film,
co<1 that is the evidence for the strong EPI [16].
Besides, in (Ag;AsS;).(As,S3)1-, thin films, compared to
the As,S; thin film, EPI is substantially enhanced (this
corresponds to a decrease of the o, parameter), and the
energy hw, of the effective phonon taking part in

absorption edge formation increases (Table).
Temperature dependences of the energy position of

the exponential absorption edge E; (E, values taken

at a fixed absorption coefficient value o= 5-10* cm™)
and Urbach energy Ey (Fig. 3) are well described within
the framework of Einstein model [17, 18]:

g

o(7)_ pa « 1
EX(T)=E! (O)—Sgke{m}, €)

(Ey)=(Ey), +(Ey), {m} , 4

where E;(O) and S; are the energy position of

absorption edge at 0 K and a dimensionless constant,
respectively; O is the Einstein temperature
corresponding to the average frequency of phonon
excitations of a system of non-coupled oscillators,
(Ey )0 and (Ey )1 are the constants. The obtained

E;(O), S, Og, (Ey )0, and (Ey )1 parameters for the
thin films under investigation are given in Table and the
temperature dependences of E;} and Ey for the

(AgzAsS;3)(As;S3)) , thin films calculated using Egs. (3)
and (4), are shown in Fig. 3 by solid and dashed lines,
respectively.

The broadening and smearing of the absorption
edge spectra in thin films under investigation are
observed in comparison with the bulk composite. Thus,
the Urbach energy Ey in (Ag;AsS3).6(As2S3)04 thin film
is more than five times higher than that in the bulk
composite [5]. It was shown that temperature, structural
and compositional disordering affect Urbach absorption
edge shape, i.e. the Urbach energy Ey is described by the
equation [19]

Ey =(Ey); +(Ey)y +(Ey)e =(Ey)p +(Ey ) yuer 9

where (Ey )T, (Ey)  and (Ey )C are contributions of

temperature, structural and compositional disordering to
Ey, respectively. It should be noted that the first term in
the right-hand side of Eq.(4) represents the sum of
structural and compositional disordering, and the second
one represents temperature disordering. For separation
of contribution of different types of disordering into the
Urbach energy, we used the procedure developed in
Ref. [20].
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Fig. 4. (a) Compositional dependences of the absorption edge
energy position E; (o= 5-10* cm™) (1) and Urbach energy Ey
(2) of (Ag3AsS;)(As:S;3)1, thin films at 300K. (b)
Compositional dependences of o, constant and effective phonon
energy hm » values of (Ag;AsS3),(As,S;)1., thin films. The size

of the experimental point symbols exceeds the error bars that are
+5:10 eV for E,%, +2-10™ eV for Ey and ho, , +5- 107 for o.

g

Finally, it should be noted that the shape and
temperature behavior of optical absorption edge,
dispersion and temperature dependences of the refractive
index for the different chemical compositions of
(Ag3AsS;)(As:S;3)1,  thin  films are similar to
(Ag3AsS3)0.9(As,S3)0,1 thin film dependences given as an
example.

The compositional studies show that with the
increase of the content of Ag;AsS; in
(Ag3AsS;3)(As,S3),, thin films the nonlinear decrease of

Eg value with its minimum at x = 0.6 and the nonlinear

increase of Urbach energy with its maximum at x = 0.6
were revealed (Fig. 4a). Besides, the nonlinear decrease
of 6, constant with its minimum at x = 0.6, which is the
evidence of EPI enhancement, and monotonical
nonlinear increase of hw, energy with increase of

Ag;AsS; content are observed in (Ag;AsS;)(AsyS;3)1x
thin films (Fig. 4b). The contribution of different types
of disordering was estimated from Urbach energy
temperature dependences in accord with Eq. (4). The
nonlinear behavior of Urbach energy and the sum of
contribution of structural and compositional disordering
(Fig. 5) is explained by the influence of compositional
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disordering. It reflects by the compositional dependence

of absolute value of (Ey) v.c that has the specific

maximum at x=0.6 due to the influence of
compositional  disordering  (Fig. 5). Also, good
correlation  between o, ho, and (Ey ) YiC

compositional dependences is observed.

The slight dispersion of the refractive index is
observed in the transparency region, while it increases
when approaching to the optical absorption edge region
(Fig. 6). With increasing the temperature, the nonlinear
growth of the refractive index in (Ag3;AsS3)o.o(AS2S3)0.1
thin film is revealed. The nonlinear compositional
dependence of the refractive index value at 1 pm with its
maximum at x = 0.3 (Fig. 6) can be associated with the
maximal optical density of still homogenous film with a
high content of Ag;AsS;. The further increase of
Ag;AsS; content leads to appearance of phase
precipitates and formation of a heterophase system.
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Fig. 5. Compositional dependences of absolute values of static
structural  disordering  contribution and compositional
disordering contribution to the Urbach energy for

(Ag3AsS;)(As,S3),., thin films.
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Fig. 6. Refractive index dispersions of (AgzAsS3)09(AS2S3)0.1
thin film at various temperatures: 77 (1), 150 (2), 200 (3), 250
(4), and 300K (5). The inserts show the temperature
dependence of refractive index (a) and compositional
dependence of it (b) for (Ag;AsS;3)(As;S3)1. thin films. The
size of the experimental point symbols exceeds the error bars
that are +1-10™ for .

Conclusions

(Ag3AsS;)(As,S;)1 . thin films were deposited onto a
silica substrate by rapid thermal evaporation. SEM
imaging of the thin films indicated formation of numerous
micrometer- and submicrometer-sized Ag-containing
phase precipitates on their surfaces with increase of
AgzAsS; content. The spectral dependences of the
absorption coefficient as well as dispersion dependences
of the refractive index were derived from the
spectrometric studies of interferential transmission
spectra. In the range of the exponential behaviour of the
optical absorption edge, the energy position of exponential

absorption edge Eg and Urbach energy Ey in

(Ag3AsS;)(AsyS3),  thin  films were determined.
Temperature variation of the transmission spectra as well
as the temperature behaviour of the absorption edge
spectra within the range of its exponential behaviour were
studied. A typical Urbach bundle has been observed,
temperature dependences of the absorption edge energy
position and the Urbach energy were obtained. The
influence of different types of disordering on the Urbach
tail was studied and analysis of compositional
dependences of the Urbach absorption edge parameters
for (Ag;AsS;)(As;,S3),, thin films was performed.
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