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Abstract—Semiconductor solid solutions in the Ag,S—Ag,Se system are studied. It is shown that monoclinic
solid solutions based on Ag,S have a plasticity exceeding that of silver sulfide and selenide. The possibility of
obtaining wire and foil from them by cold rolling is demonstrated. The concentration dependencies of the
optical band gap and the Seebeck coefficient are studied. It is shown that intensive deformation (cold rolling)
does not lead to a change in the parameters of the temperature dependencies of the electrical conductivity.
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INTRODUCTION

The intensive development of flexible electronics
requires the creation of new semiconductor materials.
Semiconductor materials currently used in flexible
electronics can be divided into three main groups:
inorganic nanocrystalline (including carbon), inor-
ganic amorphous, and organic semiconductors. The
first group of materials has relatively stable functional
properties, but low flexibility and plasticity. Organic
semiconductors are quite plastic, but their properties
degrade relatively quickly. Amorphous semiconduc-
tors, represented mainly by amorphous silicon,
occupy an intermediate position in this series and have
difficult-to-control electronic properties. Therefore,
the discovery of plasticity characteristic of metals in
crystalline semiconductors Ag,S [1] and Ag,Se [2, 3]
opens a new direction in the development of semicon-
ductor materials for flexible electronics. The impor-
tance of this direction is also determined by the fact
that the entire existing electronics industry is adapted
to work with crystalline inorganic semiconductors and
changing this direction is associated with enormous
problems.

The existence of plastic inorganic crystalline semi-
conductor materials is paradoxical. Indeed, semicon-
ductor properties are provided by covalent interatomic
interactions. Covalent bonds are known to be direc-
tional and short-range. Therefore, the substances they
form must be fragile. In [2, 3] this paradox is explained
by the coexistence of two subsystems of interatomic
bonds in crystals: covalent metal-chalcogen bonds and
metallophilic metal-metal bonds. Each of these sub-

systems forms a three-dimensional continuous grid.
The importance of the nature of chemical interaction
for the emergence of plasticity of semiconductor sub-
stances is confirmed by the fact that the introduction of
Ag,Se in the composition of chalcogenide glasses also
leads to a significant increase in their plasticity [4].
Interest in the Ag,S—Ag,Se system is due to a vari-
ety of reasons. The presence of solid solution regions
that allow the formation of heterojunctions is an
important factor for the use of semiconductor com-
pounds in electronics. Therefore, the existence of a
large range of solid solutions with Ag,Se (up to 60 mol %
Ag,Se) is important for the prospects of using Ag,S in
flexible electronics [5, 6]. Moreover, it is especially
important that Ag,S in the monolithic state has a band
gap width of AE, = 1 €V, while that of Ag,Se is about
0.1 eV [7, 8]. This allows us to change the value of AE,
in solid solutions over a wide range of values. Interest
in silver chalcogenides is also due to the fact that an
important parameter for electronics in general and
flexible electronics in particular is the mobility of car-
riers. Its growth allows us not only to increase perfor-
mance but also to increase the resolution of displays.
Thus, an increase in carrier mobility in devices based
on complex indium, gallium, and zinc oxide (IGZO)
by 20—50 times compared to amorphous silicon tradi-
tionally used in flexible electronics allowed Sharp to
release flexible displays with a resolution of 10° pixels
per inch. The carrier mobility in IGZO increases rap-
idly with the increasing free carrier concentration ()
and tends to 15cm?/Vsatn=10%-10cm=3[9]. Elec-
tron carrier mobility in Ag,Se at room temperature is
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Table 1. Purity of the reagents used

Substance | Reagent grade | Purity, % .Posm.bl.e
impurities
Silver Refined 99.99 Cu, Pt, Pd, Fe
Selenium | Extra pure 17-3| 99.997 |S, Al, Sn
Sulfur Extra pure 16-4| 99.9998 |Se, Al, P

almost two orders of magnitude higher (1000 cm?/V's
[10, 11]).

Knowledge of the properties of silver chalcogenides
is of particular importance for the development of
chalcogenide glasses: semiconductor materials for IR
optics. The introduction of the specified compounds
in their composition allows us not only to increase the
plasticity of glass [4] and relax mechanical stresses but
also to maintain relatively high softening temperature
values [12]. This combination of thermal and mechan-
ical properties of glass significantly improves their per-
formance characteristics.

MEASUREMENT TECHNIQUE

Silver chalcogenides were synthesized from ele-
mental components: silver, sulfur, and selenium. The
quality and grade of the starting components are given
in Table 1.

The starting components were weighed on an ana-
lytical balance with an accuracy of £10~* g and placed
in sealed quartz ampules from which air was pumped
out to a vacuum of 10~* mm Hg. The synthesis was
carried out in a muffle furnace at a temperature of
900°C with constant stirring for three hours. The
ampules were cooled in air.

To obtain cylindrical samples, the resulting ingots
were pressed under a pressure of 20 MPa. An example
of the obtained sample is shown in Fig. 1a.

Foil samples (Fig. 1b) and wires (Fig. 1c) were
obtained by cold rolling. The minimum foil thickness
was 30 um and was limited by the adjustment accuracy
of the rolling device.

(@)
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The Vickers microhardness measurement method
involves pressing a regular tetrahedral diamond pyra-
mid into a sample and measuring the diagonal of the
resulting imprint. Vickers microhardness is deter-

2Psin%

mined by the following formula: H, = ——5=,
where o is the angle between the opposite edges of the
pyramid, d is the length of the diagonal of the print,
and Pis the load value. The load holding time of 100 g
was 10 sec. The result was taken as the average value of

microhardness for a series of 10 measurements.

The density (p) of the studied glass samples weigh-
ing 3—4 g was determined by hydrostatic weighing in
toluene at a temperature of 25°C. The density of tolu-
ene was previously determined using the reference
sample, which was single-crystal germanium. Each
sample was weighed several times, and the density
value was considered to be the average value based on
the sum of all measurements. The accuracy of density
determination is £0.001 g/cm?.

The pulse-phase method was used to measure the
speed of ultrasonic waves. The operating frequencies
of the probing pulses were 4 MHz for measuring lon-
gitudinal wave velocities and 2.3 MHz for measuring
transverse wave velocities. This choice of frequencies
ensured consistency between sample sizes and wave-
lengths.

The samples for recording optical absorption spec-
tra in the visible and infrared regions of the spectrum
were foils obtained by cold rolling. In the region of
short wavelengths (from 500 to 3000 nm), measure-
ments were carried out on a Shimadzu UV-3600
device with a slit width of 5.0. In the long-wave region
(3—25 um), measurements were carried out on a
Bruker Tensor 27 spectrophotometer.

XRD measurements were carried out on a D8 Dis-
cover diffractometer (Bruker, Germany) using mono-
chromated parallel CuKo, beam radiation. The dif-
fraction patterns were processed by the full-profile
modeling method using Topas 5.0 software (Bruker).
The microstructural characteristics were determined
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Fig. 1. Samples of solid solutions in the form of a cylinder obtained by pressing (a), as well as in the form of foil (b) and wire (c),

obtained by cold rolling.
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taking into account instrumental aberrations using
standardization using the LaB; (NIST SRM 660a)
standard sample, taken under similar conditions.
Here, the crystallite size is understood as the volume-
weighted average length of elementary columns
(coherent length), averaged over all directions.

The Seebeck coefficient measurements on cylin-
drical samples with a diameter of 4.5 mm and a height
of 3 to 4 mm were carried out on a PPMS (physical
property measurement system produced by Quantum
Design) setup using the thermal transport option.
Heat was supplied to one end of the sample from a
heating element, and the Seebeck effect was estimated
as the ratio of the potential difference at the ends of the
sample to the temperature difference. In addition, the
Seebeck coefficient measurements were carried out on
a rolled wire with a cross section of 1 mm and a length
of 0.5 m. The temperature of one of the ends was
maintained at 0°C; and of the other end, at 100°C A
wire of chromel or alumel was connected to both ends,
and the potential difference was measured using a
conventional digital multimeter.

The study of the electrical conductivity of the sam-
ples was carried out using impedance spectroscopy in
the frequency range of 1 MHz to 100 Hz. For this pur-
pose, the Autolab PGSTAT302 potentiostat/galva-
nostat was used. The volumetric samples for measure-
ments had a cylindrical shape: diameter 4.5 mm,
height 3—4 mm, film sample are 8.5 X 6.5 mm?, and
50—150 microns thick. To obtain Ag electrodes,
Degussa brand silver paste was used. Impedance mea-
surements were carried out in the temperature range of
20—150°C in a quartz glass cell in air. The temperature
in the measuring cell was maintained by a micropro-
cessor measuring instrument and controller TRM 101
(OVEN) with an accuracy of +0.1°C and was con-
trolled by a digital voltmeter 34420A (Agilent) with a
chromel-alumel thermocouple.

The resistance value of the samples was found by
extrapolating the impedance spectrum to the active
resistance axis using the ZView program (Scribner
Associates, Inc (Version 3.3c)). Electrical conductiv-

ity was calculated using the formula ¢ = L, where R

is the resistance of the sample, / is its thickness, and .§
is the cross-sectional area.

RESULTS AND DISCUSSION

Polycrystalline alloys of the system (1 — x)Ag,S—
xAg,Se were obtained by high-temperature synthesis.
For x ranging from 0 to 0.6, they form solid solutions
with a monoclinic structure based on Ag,S (solid solu-
tions I). With x ranging from 0.7 to 1, they form solid
solutions with an orthorhombic structure based on
Ag,Se (solid solutions II) [5, 6]. In order to study the
mechanical properties of these alloys, the concentra-
tion dependencies of the propagation velocity of the
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transverse (V;) and longitudinal (})) ultrasonic waves,
density (p), as well as Vickers microhardness (Hy),
were studied (Fig. 2a). Based on these data, Poisson’s
ratio (v), Young’s modulus (F), and Griineisen
parameter (7y) were calculated (1—3) using the follow-
ing equations. These parameters are given in Table 2.
The plasticity (dy) calculated using Eq. (4) according
to Milman [13] is shown in Fig. 2c.

2
v = 2—61’0:(5)’ (1)
2(1—-a) V.
2
E=Kp(ljv)(”zvhzﬁp(uv), )
-V
_3(1+v
Y_2(2—3v)’ (3)
8y =1-143(1-v —2v2)%. (4)

Hy, of solid solutions I decreases with the introduc-
tion of Ag,Se right up to x = 0.6. While the introduc-
tion of Ag,S in Ag,Se leads to a significant increase in
microhardness (Fig. 2a). This gave grounds to believe
that solid solutions of I with a monoclinic crystal lat-
tice have an abnormally high plasticity, exceeding the
plasticity of Ag,S. Solid solutions II, however, appar-
ently have lower plasticity. It is interesting to compare
the obtained concentration dependence of microhard-
ness with the concentration dependence of the
enthalpy of mixing of solid solutions [5].

From Fig. 2a it is clear that, with an increase in the
molar fraction of Ag,Se in solid solutions (1 —
x)Ag,S—xAg,Se from x = 0 to 0.6, the absolute value of
the mixing energy (interaction) of the components
increases slightly [5]. The very fact of its increase is
due to the fact that the ratio of the mixed components
tends to 1. The same thing, but to a much greater
extent, happens in the range from x = 0.7 to 1. From
x= 0.6 to 0.7, the components of the system do not
mix, and the mixing energy is zero. Due to the fact that
the slope of the graph in the region of solid solutions 11
is much greater than in region I, it can be concluded
that the solution based on Ag,Se is characterized by a
stronger interaction of its components (and, conse-
quently, a greater degree of their ordering) than the
solid solution based on Ag,S. This leads to a decrease
in the volume of the unit cell compared to the additive
dependence (Fig. 2b), while in the region of solid
solutions I, on the contrary, a certain increase in the
volume of the unit cell is observed. This behavior of
the mixing energy and the unit cell volume is closely
correlated with the increase in microhardness upon
the introduction of Ag,S in Ag,Se (solid solution
region II, see Fig. 2a). At the same time, the introduc-
tion of Ag,Se in Ag,S leads to some decrease in micro-
hardness. A natural result of such behavior of the listed
properties is an increase in plasticity in the region of
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Fig. 2. (a) Red circles and squares are the concentration
dependence of microhardness for two regions of solid solu-
tions (our data). The dashed black lines are the mixing
energy for solid solutions (I) and (II) at 298° K [5]. The
shaded area separates the Ag,S-based solid solutions and
Ag,Se-based solid solutions. (b) Concentration depen-
dence of the unit cell volume for two regions of solid solu-
tions [6]. (c) Concentration dependence of plasticity
according to Milman (our data).

solid solutions I and its decrease in the region of solid
solutions II (Fig. 2¢). Therefore, solid solutions I can
be subjected to all types of mechanical treatment,
including cold rolling (Figs. 1b, 1c). Solid solutions I1
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are destroyed by attempts at cold rolling, but can be
pressed and drilled.

The works [14—16] point out the direct relationship
between Poisson’s ratio and the plasticity of not only
metals but also other materials. In particular, for met-
als, a significant increase in ductility is observed when
Poisson’s ratio is greater than 0.32. In relation to this,
it should be noted that all Poisson’s ratio values given
in Table 2 exceed this value. The maximum value of
this parameter is 0.43, which is close to the value of
Poisson’s ratio for absolutely incompressible materi-
als, such as water (v = 0.5).

The studied materials are of interest not only due to
their high plasticity. In addition, they are semiconduc-
tors. Moreover, as noted in the introduction, the val-
ues of the band gap width for the extreme components
of the studied system differ by an order of magnitude.
In combination with the existence of an extended
region of solid solutions I, this gives us grounds to
hope that heterojunctions can be obtained. This
explains the interest in studying the semiconductor
properties of these materials.

The optical absorption spectra were studied in the
near, middle, and far IR spectral regions on foil sam-
ples obtained by cold rolling (Fig. 3). Their thickness
did not exceed 150 microns. This made it possible to
achieve high optical absorption coefficients and cor-
rectly determine the fundamental absorption edge
according to Tauc. The concentration dependence of
the optical band gap for direct interband transitions
determined in this way actually demonstrates a signif-
icant change from 0.9 eV for pure Ag,S up to 0.45 eV
for an equimolar solid solution (Fig. 3).

The optical absorption spectrum shows a wide
transparency region up to at least 25 um. The results of
the Raman scattering study of silver chalcogenides do
not reveal Raman bands in the high-frequency region
up to 200 cm~! [17]. Therefore, it cannot be ruled out
that the transparency region extends up to 50 um. In
the wavelength range from the fundamental absorp-
tion edge to 10 um, a scattering tail on crystalline
grains is observed. This is consistent with the results of
X-ray diffraction studies (Table 3), which indicate that
the most probable size of crystalline grains is 100 nm.

Figure 4a shows the concentration dependence of
the Seebeck parameter of the solid solutions studied.
The negative sign indicates electronic conductivity.
The absolute value of the Seebeck coefficient, as
expected, increases with the increasing band gap. The
asterisk in the figure indicates the value of the Seebeck
coefficient for an equimolar solid solution, obtained
by the classical method. In other words, several meters
of semiconductor wire were obtained by cold rolling.
This wire was then used to make classical thermocou-
ples in combination with wires of various metals for
which the Seebeck coefficient values were known. The
measured thermoelectric power of the manufactured
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Table 2. Properties of alloys in the (1 — x)Ag,S—xAg,Se system (Compositions belonging to the field of solid solutions

based on Ag,S are highlighted in bold)

. v, Vs, Density (p), Poisson Young’s Griineisen
m/sec m/sec g/cm? coefficient (v) | modulus (E£), GPa | parameter ()
0.95 3200 1230 8.20 0.41 35.2 2.8
0.9 3320 1310 8.10 0.41 39.1 2.7
0.8 3140 1270 8.10 0.40 36.4 2.7
0.7 3350 1240 7.92 0.42 34.7 29
0.6 3010 1090 7.86 0.42 26.8 2.9
0.5 3140 1100 7.77 0.43 26.7 3.0
0.4 2860 1080 7.70 0.42 25.4 2.8
0.3 2780 1090 7.50 0.41 25.3 2.7
0.2 2950 1140 7.60 0.41 28.0 2.8
0.1 2930 1150 7.50 0.41 28.2 2.7
0.05 2930 1120 7.25 0.42 25.6 2.8

thermocouples made it possible to determine the value
of the Seebeck coefficient of the semiconductor wire.

The results presented in Fig. 4b are particularly
interesting. It compares the temperature dependencies
of the specific electrical conductivity of the original
solid solution of the ingots and foil obtained from
them by cold rolling.

It is noteworthy that cold rolling did not lead to a
change in either the activation energy of electrical
conductivity or its absolute value. This means that
even such a severe deformation does not lead to the
formation of electrically active defects in the crystal
lattice. It is also possible that such defects arise directly

during the deformation process, but relax fairly
quickly at room temperature.

The absence of significant changes in the crystal
structure during mechanical deformation is also indi-
cated by the results of the X-ray diffraction study
(Table 3, Fig. 5). One can speak of a tendency toward
a decrease of the size of coherent X-ray scattering
regions and increase in the degree of crystallinity as a
result of mechanical processing. This change in mor-
phology is expected. There are no significant changes
in the microstresses of the crystal lattice. It is notewor-
thy that the degree of crystallinity of the samples is dif-
ferent from 1. Apparently, both silver sulfide and sele-
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Fig. 3. Survey spectrum of optical absorption in the IR range. (7) 0.2 Ag,Se, (2) 0.1 Ag,Se, (3) 0 Ag,Se. The inset shows the con-

centration dependence of the optical band gap.
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Table 3. Comparison of crystal lattice parameters for monolithic ingots and for foil obtained from them by cold rolling
according to X-ray diffraction data

Composition Ag)(So55¢q,) AgS

Parameter ingot roll ingot roll
Degree of crystallinity, % 86 89 86 93
Crystal grain size, nm 120(70) 70(20) 160(80) 98(10)
Voltages, relative units 8(2) x 10~* 7(2) x 1074 5.3(1) x 1074 6.4(1) x 10~*

Unit cell parameters

a, A 4.2382(7) 4.2330(6) 4.2261(2) 4.2330(5)
b, A 6.9374(8) 6.9456(9) 6.9278(4) 6.9107(6)
c, A 8.3332(10) 8.3229(9) 8.2831(4) 8.2905(7)
beta, °© 110.340(4) 110.279(5) 110.563(3) 110.699(5)
Volume of the unit cell, A3 229.74(5) 229.53(5) 227.06(2) 226.87(4)
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Fig. 4. (a) Concentration dependence of the Seebeck constant. The asterisk marks the result obtained by measuring the thermo-
electric power of thermocouples twisted from the wire of the studied semiconductor and the wires of reference metals. (b) Tem-
perature dependencies of the specific conductivity of bulk samples (light squares and circles) and film samples obtained from
them by rolling (dark circles and squares). The composition of the samples and the activation energies of conductivity are shown
in the figure.
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Fig. 5. Comparison of diffraction patterns of the original Ag,S ingot (lower) and foil obtained from it by cold rolling (upper).

nide, due to metallophilic interactions, have some ten-
dency toward glass formation. In relation to this, it should
be noted that the authors [18] observed highly dispersed
liquation regions in glasses of the (Ge,Se, _,),_,—Ag, sys-
tem, whose chemical composition coincided with the
Ag,Se compound. In [19, 20] stoichiometric Ag,Se
films, which were amorphous in their original state,
were obtained by laser deposition. Their amorphous
state is stable, and crystallization requires heating to a
temperature of at least 150°C and subsequent cooling.
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