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STRUCTURE AND PROPERTIES OF As,S3 AND As;Sez GLASSES
MODIFIED WITH Dy, Sm AND Mn
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The effect of low amounts of dysprosium, samarium and manganese (0.1 — 0.5 at.%) on
the properties of the chalcogenide glassy semiconductors As,S; and As,Ses is
investigated. The metals have significant influence on the structural, optical, electrical
and photoelectric characteristics. The fundamental absorption edge shifts towards longer
wavelengths with doping. The largest shift was observed for As,S; glasses doped with Dy
and Mn. The conductivity is significantly increased by addition of Mn and Dy. All the
dopants hamper the photoconductivity with the exception of 0.5 at. % Dy in As,Se; which
generates a broad secondary band in the photoconductivity spectrum near 1.05 eV,
ascribed to small amounts of crystalline phase. Close correlation was revealed between
the medium range order in the network, the metal electronegativity and the activation
energy of conductivity.
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1. Introduction

Arsenic sulphide As,S; and arsenic selenide As,Se; are typical representatives of
chalcogenide glassy semiconductors, whith a wide range of applications in optoelectronics,
information storage and acousto-optics [1 to 4]. A special interest for those applications is connected
with doping of the glasses by active impurities, which alter the electrical and optical properties of the
host material. Though it is customary to consider the chalcogenide glasses as insensitive to impurity
doping there is ample experimental evidence indicating a significant variation of the glass properties
caused by incorporation of small amounts of impurities [5,6].

The aim of this paper is to study the effect of metal impurity on optical, electrical and
photoelectrical characteristics of the As,S; and As,Se; glasses doped with Mn, Dy and Sm and to
correlate it with the structural details. Manganese is one of the transition metals, which are known to
be active as dopants in As,Ses, especially as "modifiers” [7]. Besides, Mn is of interest as it is able to
create deep luminescent centers, the optical transitions of which are well understood [8]. As,S; and
As,Se; chalcogenide glasses doped with low levels rare-earth elements are thermally stable and are
known to be transparent in the mid - IR region (up to 10 - 11 um). Recently optical fibres of low light
losses have been fabricated from Pr** - doped As,S; glass (0.48 dB/m for A=1.02 um and 0.17 dB/m
for A=1.3 um, respectively) and the effect of light amplification at A=1.3 um has been demonstrated
[9]. For Dy*" - doped As,S; glass the presence of two fluorescence bands due to cascaded transitions
®Hyy, — °Hys at 4.40 pm and ®Hyg, — ®His;, at 2.98 um were detected [10]. It was also shown that
As,S; chalcogenide glass fibre is one of the most promising nonlinear optical media for low-power
optical switching due to its large refractive index (n>2.4) [11], nonlinearity and long interaction
length [12]. Besides, some chalcogenide glasses have been used to make IR transmission fibres for
imaging, power supply, remote and deformation sensors [13].
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2. Experimental

The glasses were synthesized from the elements of 6N (As, S and Se) and 5N (Mn, Sm, and
Dy) purity by melting at two temperature steps: at 870-920 K and 1070-1120 K. The concentrations
of Mn, Sm and Dy were chosen 0.1 and 0.5 at. %.

The glass transition temperature, Ty, of As,S;:Me glasses was measured by the differential
thermal analysis (DTA) method. A PERKIN-ELMER equipment 7 Series for Differential Thermal
Analysis was used to this purpose (alumina crucible, neutral atmosphere, mass 30 mg, heating rate 10
°C/min, reference calcined alumina). The DTA curves for all glasses are typical for chalcogenide
glasses [11]. An increase of T4 from 157 °C for As,S; up to 210 °C for doped glasses was observed.

The structure of the glassy As,S; and As,Se; samples doped by various amounts of metals
was investigated by X-ray diffraction procedure. The diffracted intensity curves were measured in a
Siemens Kristalloflex 1V diffractometer provided with copper target tube and a graphite
monochromator mounted in the diffracted beam. A Nal(Tl) water cooled scintillation counter was
used in the detection of the diffracted X-ray quanta. Very accurate recordings of the diffraction
patterns are necessary due to particular feature of the glass diffractograms (a few broad maxima) and
because the expected structural modifications for low metal concentration are quite small. The
samples were prepared as powders by crushing chunks of the doped chalcogenide glasses. The
powders were pressed in special supports for X-ray diffractometric measurements. High precision
diffraction curves have been obtained using the step by step method in the recording of the X-ray
intensity. The number of the X-ray quanta was counted for a fixed time (20 s), at every angular
position. For different samples an angular increment from 0.005°(20) to 0.02°(20) was used.

The characterization of the doped As,S; and As,Se; glasses in the present work was
conducted with respect of their specific physical properties. Effect of impurity on arsenic trisulfide, a
semi-insulating highly transparent material, was studied by optical methods, while for arsenic
triselenide, well known as a photoconductor, the transport properties of doped material were
investigated. For optical transmission and absorption measurements bulk polished samples of 2.5 to
3.1 mm thicknees were used with an UV/VIS/NIR spectrometer LAMBDA 900 (in the 400-3000 pum
spectrum range) and FT-IR spectrometer SPECTRUM 2000 (in the 1.3 to 25.0 nm spectrum range),
respectively, PERKIN-ELMER production. Conductivity, spectral distribution and decay of
photoconductivity and dependence of the photocurrent upon light intensity were investigated using
common techniques for high-resistive samples.

3. Results and discussion

3.1. X-Ray diffraction

After careful investigations of the resulted diffraction curves we have concluded that all the
samples are completely amorphous (excepting As,Ses: 0.5 at.% Dy which exhibits a very faint peaks
due probably to fine Dy,Se; crystallites) and that the main differences between the curves measured
for different glass compositions and various concentrations of modifying elements are related to the
angular region comprising the first sharp diffraction peak (FSDP). This means that the doping
influences primarily the medium-range ordering in the glassy network.

Fig. 1 and Fig. 2 shows the angular range of the X-ray diffraction curves with the FSDP peak
for different metals introduced in the As,S; and As,Se; glassy matrix: Mn, Dy and Sm, with different
concentrations. The comparison was made between the samples doped by the minimum metal
concentration available (0.1 at.%) and those with the metal concentration of 0.5 at.%. This is
important because, during the glass preparation, for every type of doping the preparation of the
samples has been carried out in strictly identical conditions. Thus, the eventual fine modifications of
the glassy network, as a whole, due to different heating and cooling regime, which can obscure the
metal effects, are practically eliminated.
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Fig. 1 The X-ray diffraction curves in the region  Fig. 2 The X-ray diffraction curves in the region

of the first sharp diffraction peak of the metal of the first sharp diffraction peak of the metal
doped As,Se; glass. --As,Ses:0.1 at.% Me; — doped As,S; glass. As;S; (---) and
As,Se;:0.5 at.% Me. As,S3:0.5 at.% Me(—).

A significant shift of the FSDP from the position corresponding to the pure As,Se; glasses
can be observed in the diffraction curves. The direction of the shift depends on the type of the metal
introduced in the chalcogenide matrix. We have calculated the per cent of the relative shift of the
interlayer distance in the glassy network (as revealed by the position of the FSDP) for every doping
metal when the metal concentration in the sample is increased from 0.1 at.% to 0.5 at.%.

Fig. 3 shows the plot of the interlayer distance shift Ad/d(%) versus the per cent of ionicity in
the metal-selenium (Me-Se) bond. An interesting linear relation was revealed. This relation
convinced us of the importance of the Me-Se interaction for the medium-range order in glass. The
As,Se; disordered layers are locally distorted by the insertion of the metal atoms that bonds to
selenium. A high covalence of the Me-Se bond gives rise to strong directional bonds and the layers
become more rigid while high metal ionicity diminishes the stiffness of the layers. Thus, the intralayer
ordering and the interlayer packing are dependent on the type of metal introduced in the As,Se; glass.
The samarium (Sm) and dysprosium (Dy) atoms exhibit lower electronegativities (as defined for
example by Allred-Rochow) and determine a shift of the interlayer distance towards a lower value
[14]. This effect can be ascribed to the role of network modifier of the large rare-earth atoms that
smooth the disordered As,Se; layers allowing for a better packing at a smaller thickness. The more
ionic Me-Se bonds show lower bond directionality, the layers become more flat and the interlayer
distance, corresponding to a better layer packing, decreases [15].

The manganese (Mn), which exhibits higher electronegativity induces a shift of the interlayer
distance towards higher values. This effect can be ascribed to the role of network former played by
the more covalent atoms. The disordered layers are shifted by the insertion of the atoms with
directional bonds. The interlayer distance is increased due to the increase of the effective thickness of
the layers. The significant effect of the very low metal concentration in As,Se; chalcogenide glass can
be explained by a co-operative effect. The insertion of few dispersed atoms in the layer structure can
induce a (dis)ordering at a scale larger than the distance of the first co-ordination spheres and,
therefore, the interference between the induced zones can amplify the (dis)ordering [15].




24 M. lovu, S. Shutov, M. Popescu, D. Furniss, L. Kukkonen, A.B. Seddon

0.02
n
Mn

S
=
© 0.00
<
£
e
7]
(]
[S]
g
2 0.02 Dy
I} n
g
5
8 .
£ Sm

0.04

20 25 30 35 40

% lonicity of Me-Se Bond

Fig. 3 The relation between the shift of the interlayer distance in As,Sez induced by
doping with various metals and the degree of ionicity of the Me-Se bond.

In As,Ss, as it is seen from Fig. 2, the above described impurity-induced changes of the glass
structure are much weaker, possibly due to larger degree of ionicity of the Me-S bonding in this
material.

3.2. Optical absorption

The transmission spectra in the region of absorption edge of As,S;:Me chalcogenide glasses
are shown in Fig. 4. The addition of heavy rare-earth metals to chalcogenide glass shifts the
absorption edge to longer wavelengths and increases the absorbance above the edge. The latter effect
is associated with defects generated in the optical gap of a semiconductor by metal atoms. We see that
the absorbance in this region increases with growing of Sm concentration from 0.1 to 0.5 at.%. The
transmission most strongly falls down in the case of Mn addition: the sample with 0.5 at.% Mn is
practically nontransparent in the whole investigated spectral range (0.5 to 25 um). Strong absorption
in a wide spectral interval suggests the alteration of the macrostructure of the material at higher Mn
content.

In order to determine the optical gap of the glassy materials under investigation, in Fig. 5 we
replotted the edge transmission data in (ahv)” vs. (hv) co-ordinates (so called Tauc plot, with o and
hv denoting the absorption coefficient and the photon energy, respectively). Except for the Mn-doped
sample (curve 4), two nearly straight-line portions are seen in the Tauc plot as is characteristic for
many amorphous materials. From the high-energy portion of the plot the values of the optical gap
EgOpt were determined; it shifts from 2.2 eV for As,S; to 1.88 eV for the doped glass As,;S;:Dyg..
Determination of the optical gap for Mn-doped As,S; glasses is not possible.
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Fig.4 The transmission spectra for or As,S; (1), Fig. 5 The absorption spectra for As,S; (1),
As;S3:Dyo 1 (2), As:S3:Mng s (3), As:S3:Mngs (4), As;S3:Smg s (2), As,S3:Dyos (3), As:Ss:Mn (4).
AS,S3:Smg 1 (5) AS,S3:SMg 5 (6)

The mid-infrared transparency (1+12 pum) of the investigated modified chalcogenide glasses
is sensitive to impurity as well as to oxygen and hydrogen impurities. Sometimes special technique of
preparation and purification of the initial components and glasses are used in order to reduce the
absorption bands caused by oxygen, hydrogen and carbon impurities [16,17].

The infrared transmission spectra of As,S;:Me glasses are shown in Fig. 6. All As,S; doped
glasses are transparent in the near-IR region, with the exception of As,S; doped with 0.5 at.% Mn. All
glasses present absorption bands situated at 2.75 um (H,0O), 4.01 um (H,S) and 10.07 um (As-O-H),
which are typical for other chalcogenide glasses [16-19]. The position and intensity of these bands
slightly changes in depending on the metal dopant. The absorption bands situated at 7.6 um and
11.91 um (As4Og) in pure As,S; glass disappear in the doped materials (Table 1). The rare-earth and
transition metals are less electronegative than As and might take oxygen from As in the structure.
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Fig. 6 The transmission spectra for As,Sz (1), As,S3:SMg1 (2), As,S3:Dyo1 (3) and As,Sz:Mng g (4).
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Table 1 Some Absorption Bands for Vitreous As,S; Glass Doped With Dy, Sm and
Mn in the Mid-Infrared Region
Band Wavelength (um) and Possible Species:
Glass H,O0 HS-S-H| ? H,0 ? As,Oq As-O As,O, | 2-and 3
composition in photon
process
As-O-H
As,S, 2.75-2.82 | 3.99-4.03 - 6.29 - 7.58 10.07 11.91 14.22
As,S,:DY,, - 4.01 - - - - 10.07 - 14.04
2.76 4.01-4.30 - 6.29 - - 10.11 - 14.70
As,S,:Smy,
As,S,:SM, . 2.76 4.01 4.94 - 6.66 - 10.10 - 14.56
As,S,:Mn,, 2.89 4.01 - 6.29 - - 10.12 - 14.62
As,S,:Mn, - - - - -- - -- -

3.3. DC conductivity and photoconductivity

In Table 2 the data of room temperature electrical conductivity ¢ and activation energy Eg in
the system As,Ses:Me, (Me: Mn, Dy, Sm) are presented. The DC conductivity has been measured in
the temperature range: 20-250 °C. Figs. 7 and 8 show the temperature dependence of the conductivity
for the bulk samples modified with various metal elements. The dependence of the dark conductivity
o vs. 10%T for all the glasses As,Ses:Me, glasses could be approximated by a straight line in the range
of temperature covered by the measurements. This means that only one activation energy is
characteristic for every modified sample. The activation energy, E,, is different from one sample to
another and depends on the type of metal modifying element. With one exception (0.5 at.% Dy) the E,
values are higher for the case of the metal modified glasses, when compared to the case of the
reference As,Se; sample.

Addition of manganese up to 0.5 at. % increases the conductivity of As,Se; by an order of
magnitude, but the activation energy remains approximately unchanged. In the case of the sample
with 0.5 at.% Dy, the room temperature conductivity is ten times more than the conductivity of
indoped As,Ses, but the activation energy drops to 0.5 eV. The effect upon conductivity of the rising
concentration of Dy element can be explained by the presence of a small amount of crystalline phase
detected by X-ray diffraction in the sample with 0.5 at.% Dy. Careful measurements of the X-ray
diffraction pattern of the sample seems to reveal Dy,Se; very fine crystallites embedded into the rather
perfectly amorphous matrix.

At the same time another rare-earth metal dopant, samarium, has little effect on the
conductivity of As,Ses, slightly increasing the activation energy and hence decreasing the
conductivity at room temperature (Fig. 9 and Fig. 10).
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Table 2 Some parameters for the doped As,Se; bulk samples determined

from electrical and photoelectrical measurements

Composition o, Eo, Amaxs Ahgp o
As,Se;:Mey Ohm™ cm™ eV um um

As,Se; 1x 107 0.85 0.821 0.16 0.50
+0.1 at.% Dy 3.49 x 10 0.86 0.821 0.12 0.59
+0.5 at.% Dy 1.17 x 1020 0.50 0.821 — 0.61
+0.1 at.% Sm 4.28 x 10 0.94 0.780 0.16 0.70
+0.5 at% Sm 3.73 x 103 0.94 0.780 0.13 0.57
+0.1 at.% Mn 3.66 x 10 0.97 — — 0.74
+0.5 at.% Mn 1.08 x 101 0.86 — — —

The conductivity data in the case of Mn and Dy suggest the appearance of an additional path
of conduction. This path is assumed to be hopping; in the case of Mn these states are deeper than in
the case of Dy. From this point of view the increase of the conductivity as well as gradually varying
activation energy can be explained.

Doping of As,Se; by the metals under consideration leads to the decrease of the
photoconductivity (PC) (i.e. light-to-dark ratio of conductivity), excepting the case of As,Se;:0.5 %
Dy. Photoconduction is strongly hampered by addition of Mn: 0.1 at. % Mn lowers photocurrent more
than two orders of magnitude, and at 0.5 % Mn the photoresponse was not detected. That is why we
could not measure the photoconductivity spectra for As,Sez:Mn,. As to dysprosium, with increasing
concentration of it from 0.1 at. % to 0.5 at. % the photoconductivity firstly drops down and then
increases and exceeds the value for the host As,Ses. The spectral parameters for the doped As,Se;
samples determined from the photoconductivity spectra (the wavelength at the maximum, Anax, the
halfwidth of the maximum, AL,,) are listed in Table 2.
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Fig. 8 The temperature dependence of
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where B is a constant weakly dependent on temperature and the power index o is less than unity
0.5<a<1.0 (Fig. 11 and Table 2). This kind of lux-ampere characteristics may be interpreted by the
model of Rose, which assumes an exponential distribution of localized states in the forbidden gap of
the amorphous material [20].
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The spectral dependencies of photoconductivity of samples doped with Sm show a single
maximum corresponding to the fundamental optical absorption edge. The Sm impurity induces
successive shift of the photoconductivity maximum to higher energies from 1.51 eV for As,Se; to
1.59 eV for As,Ses:Smgs. This shift indicates the widening of the optical gap. A similar shift was
observed at doping with 0.1 at. % Dy, but at higher Dy concentration (0.5 at. %) a wide band located
around 1.05 eV appeared in the photoconductivity spectrum (Fig. 12) [21]. This band can be ascribed
to the small amount of crystalline phase revealed in the modified glass.

Finally, it is worthwhile to mention that tin introduced in the As,Ses matrix shifts the
fundamental absorption edge towards longer wavelengths (photodarkening effect) as in the case of
rare earth doping [22]. For tin modified As-Se films the PD effect is smaller than in non-doped films.
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Fig. 11 Photoconductivity vs. light intensity for Fig. 12 The spectral dependence of

As,Ses (1), AsySes:Dyos (2), As,Ses:Smos (3) and  photoconductivity for As,Ses(1), As;Ses:Smgs (2)
As,Ses:Mng 1(4). and As,Sez:Dyo s (3) glasses.
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4. Conclusions

There was shown, that doping of the As,S; and As,Se; glasses by small amounts of metals (in
this paper a transition metal, manganese, and two lanthanides, samarium and dysprosium), determines
measurable optical and electrical effects. The electrical conductivity is influenced by metals both in
the dark and, especially, under photoexcitation. The doping atoms induce the shift of the absorption
edge of As,S; glass to the low energy region and increase the absorption in the sub-band region. In the
mid-IR region an effect of removing the absorption bands associated, probably, with arsenic oxides
was observed in doped samples. Deep localized states are created in the energy gap of the modified
As,Se; glass, with rather high density, which is clearly manifested as a band in the photoexcitation
spectra (0.5 at. % Dy) or as additional paths of conduction (0.5 at. % Mn and 0.5 at. % Dy). In the
case of As,Se; film modified by 0.5 at.% Dy this feature can be partially related to a small amount of
a crystalline phase with very low crystallite size. The deep impurity centers increase the
recombination rate leading to strong quenching of the photoconductivity in most considered cases of
metal addition. The X-ray diffraction results indicate a significant modification of the mean distance
between the disordered layers, induced by metals.
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