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ABSTRACT

Ge,Seq1_x system is a well-known glass former for x < 0.43. The addition of third elements (i.e. Ag, Sb,
and Sn) even up to high concentrations is possible without affecting its glass forming ability. These
metals confer these glasses very particular properties. Ag-Ge-Se glasses are semiconductors for low Ag
concentration whereas they are fast ionic conductors above 8 at.% Ag. The structure, thermal behaviour
and transport properties of these glasses are analyzed.

Metal doping is easily performed in chalcogenide glasses. It has been observed that, in contrast to
crystalline semiconductors, their transport properties were not substantially affected as the valence
bonds of the doping elements are completely saturated. The resource of doping with a >’Fe probe is
widely employed in the materials study in order to characterize the short-range order of their structure

Scanning electron microscopy
lonic conduction

by means of Méssbauer effect spectroscopy.

These results are discussed and correlated to the structure and morphology of this chalcogenide system.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Ag-Ge-Se equilibrium phase diagram [1] is dominated by liquid
immiscibility. The pseudobinary section Ag,Se-GeSe; that divides
the diagram (Fig. 1) presents two eutectic transformations: e,
formed by Ag,Se and yAggGeSeg () at 810°C and e; formed by
T and GeSe, at 560°C. The section 7-Se is pseudobinary with a
monotectic reaction L; & 7+L, at 700°C and a eutectic reaction
L« 7+Se at 220°C. In the partial ternary system Ag,Se—7-Se there
is a ternary monotectic reaction Ls < Lg +T+Ag,Se at 615°C fol-
lowed by a ternary eutectic reaction near the Se corner whereas
the Se 66.67 at.% section presents a 400 °C invariant attributed to
the monotectic reaction L; < Lg + T+ GeSe;.

The aim of this work is to analyze the morphology of bulk glasses
of the subsystem 7-Se-GeSe, obtained by melt quenching and to
correlate their fundamental properties with glasses morphology.
Structural characterization, thermal behavior and electric trans-
port properties are reviewed departing from previous work of the
authors.

2. Experimental procedure

Agy(GexSei_x)100-y glasses with x=0.20 and 0.25 and y =0, 5, 10, 20, and 25 at.%
were obtained by the joint melting of the elemental constituents (5N purity) in
previously evacuated (10-¢ mbar) and sealed quartz ampoules. After 8 h at 910°C
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the ampoules containing the liquid samples were quenched in an ice-water mixture.
Other set of samples of composition Agy(Geg.25Seq 75 )100-y Withy =0,5,10and 25 at.%
doped with 0.5% Fe were obtained with the same procedure. In this case the isotopic
composition of Fe was enriched with 57Fe isotope to a 90%.

Morphology characterization of these glasses was performed in a scanning elec-
tron microscope Philips XL 30CP with a back scattering electron detector employing
an acceleration voltage of 25 kV. Structure has been studied by X-ray diffractometry
(XRD) using a (-( diffractometer with monochromatised Mo(Ka ) radiation. A Zr fil-
ter was used to eliminate the fluorescence radiation. XRD patterns were obtained in
the wave number range 0.5A-1<q<10A-" (q=(47/A)sin0). The statistical error is
about 1% in the range 0.5A~! <q<5A-! and 1.5% in the range 5A~' <q<10A~'. XRD
patterns were analyzed as is reported in [2]. Thermal analysis was performed in a
differential scanning calorimeter (DSC) PerkinElmer DSC-7 under dynamic Ar. Bulk
samples were milled to have a uniform grain size ranging between 25 and 50 pwm.
All powder samples weighted 5.00 + 0.05 mg and were sealed in aluminium pans.
The experimental data was analyzed as is described in [3]. Electrical measurements
were done by using the impedance spectroscopy technique in the frequency range
from 5Hz to 2 MHz at the temperature range 293-363 K (below the glass tempera-
ture of the samples, Ty >497 K). The measurement cells were made as is described
in [4]. DC measurements were also performed to characterize whether conduction
was ionic or electronic.

Samples containing Fe were additionally analyzed by means of Mdssbauer spec-
troscopy in transmission geometry employing a 3’Fe(Rh) source with constant
acceleration. Measurements were carried out on samples at room and lower tem-
peratures (300K, 195K and 77K) as is described in [5].

3. Results and discussion
3.1. Morphology

As a consequence of the liquid miscibility gap, bulk glasses
with x=0.20, 0.25 at. fraction and 5<y<25at.% are inhomoge-
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Fig. 1. Liquidus projection of the ternary system Ag,Se-Se-GeSe,. Dotted lines cor-
respond to the composition of the obtained bulk glasses. Additional information in
the text.

neous as is shown in Fig. 2 where two phases, a bright one with
higher Ag content and a dark one with lower Ag concentration are
present. Similar results were reported in [6,7]. In the case of sam-
ples with 5<y<8at.% the Ag-rich phase is forming dots (which
size depends on composition) immersed in a dark Ag depleted
matrix as a product of a binodal transition. This morphology is
also present for samples with 10<y<25at.% whereas samples
with y=25at.% do not follow the same trend. In that range the
matrix is Ag-rich whereas the dots are Ag depleted. Between both
regimes 8 <y < 10at.%, samples present the fingerprints of a spin-
odal decomposition where bright and dark zones interlace forming
a bi-continuous morphology. Following Cahn [8] the connectivity
of both phases is expected when the volume fraction of the minor
phase exceeds about 15%. Assuming as in [5] that bright phase is
similar to AggGeSeg and dark phase is not far from Ge;Se{_;, sam-
ples with x=0.25 atomic fraction may be decomposed as glassy
m(AggGeSeg) + GeSe1_ with m the number of moles of the Ag-
rich phase and t=(25 —3m)/(100 — 15m), Ge atomic fraction in the
dark phase. In order to estimate the molar fraction of the minor
phase when the connectivity of the minor phase is attained, its
density is assumed to be about 85% of the density of the crystalline
compound, that is ~6 gcm—3, and the overall density § ~ 4.8 gcm—3
is obtained from [2] for Ag content 8 <y <10at.%. The number
of moles of the minor phase results m~1 when connectivity is
attained. Consequently the minimum Ag concentration needed for
a bi-continuous morphology is about 8 at.%. However this is only
a rough approximation as both phases contain Ag as has been
reported in [9]. Phase separation in Ag-Ge-Se bulk glasses in the
subsystem 7-Se-GeSe; has also been reported by [10,11]. These
authors indirectly observed glass inhomogeneity employing dif-
ferent techniques. However, they report that the separated phases
are a Ag,Se-rich glass and a Ge;Se_; backbone. As a consequence,
the composition of the separated phases remains controversial.

3.2. Structure

The structure of Agy(Gegas5Sep7s)i00—y glasses with
0<y<25at% has been analyzed in [2]. The existence of inter-
mediate range order (IRO) associated to a prepeak or first sharp
diffraction peak (FSDP) in the structure factor S(q) around 1.0A~!
is observed [2]. The FSDP position of the ternary glasses is slightly
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Fig. 2. Scanning electron micrographs, obtained with back scattering elec-
tron detector, of bulk glasses which compositions are: from top to bottom
Ag20(Geo255€0.75 )80, Ag10(Geo255€0.75 )90 and Ag7(Geo255€0.75 )o3-

bigger than that of the binary glass and its area decreases due to
a change of the IRO upon adding Ag. According to morphology
results changes in the FSDP position may be attributed to variations
of the composition of both phases with the overall composition of
the glass whereas IRO lowering may be attributed to the increasing
of Ag-rich volume fraction at the expenses of Ag depleted zones
characterized by a strong IRO.

3.3. Thermal behavior

The thermal behavior of Agy(Gegpzs55€9.75)100-y glasses with
y=10, 15, 20, and 25 at.% has been exhaustively analyzed in [3].
A glass transition was observed for all samples at about 505K (for
a heating rate 8=10Kmin~'). A first crystallization peak (T;), cor-
responding to T phase, is observed for all samples and all heating
rates. For B=10Kmin~1, T is in the range 579.1-595.0 %+ 0.5K (T,
increases as Ag concentration grows). The fact that the first crys-
tallization product is T phase is in agreement with the assumption
that Ag-rich phase composition is not far from AggGeSeg. A sec-
ond crystallization peak (T>) in the range 652.4-672.5+0.5K (T,
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lowers as Ag concentration grows) corresponds to GeSe,. Finally,
an intermediate peak is observed, for sample with 25at.% Ag, at
615 K. Room temperature (RT) XRD pattern of the sample heated
up to this temperature shows the presence of both AggGeSeg and
GeSe,. These results do not agree with those obtained with tem-
perature modulated DSC by [10,11] who observed bimodal glass
transition temperatures (T¢ = 503K and Tg = 563K for samples
Ago5(GepasSeq75)75) that they attribute to g-Ag,Se and Ge:Seq_;
backbone, respectively. This difference can be attributed to the
different techniques employed. On the other hand, our results
do not completely agree with those obtained by [12,13] employ-
ing neutron thermo-diffractometry (NTD), however, most of the
differences can be attributed to the different 8 values employed
(B=10Kmin~! in DSC whereas f=0.2 Kmin~! in NTD). The main
differences in this case correspond to the crystallization tempera-
tures that are lower for NTD. On the other hand, NTD patterns of
y=25show the appearance of an additional unstable phase at about
570K that decomposes above 585K for continuous heating exper-
iments. This unstable phase was also observed in NTD patterns
obtained during isothermal treatment at 571K [13]. The authors
propose that this phase is Ag,GeSe; and decomposes into GeSe,
and a fourth phase Ag;9GesSeq1. In view of this fact, the presence
of GeSe, in the XRD pattern obtained at RT for sample y =25 heated
up to 615K, can be attributed to the decomposition of the unstable
phase in the cooling process towards RT.

The glass forming ability, GFA, of different samples is also
compared in [3], the influence of melting temperature T, glass
temperature Tg and 8 on the GFA is analyzed (Ty, is estimated from
the ternary phase diagram [1]). The GFA enhances when (a) the
critical cooling rate in order to obtain the glass (By) decreases,
or (b) Tim — Tg decreases (if B is maintained constant). Therefore,
one can determine which compositions (in decreasing order) have
greater GFA, i.e. shorter Ty, — Tg. The best glass former is the sample
Ag25, followed in decreasing order by Agyg, Ag15 and Agg glasses
(glass samples are named Agy according to their Ag concentration
in at.%). This trend is corroborated by the By values estimated from
the time-temperature-transformation (TTT) diagram. On the other
hand, the superposition of the glass forming range and the two-
phase region is rather unusual in other ternary systems, i.e. bulk
metallic glasses [14].

3.4. Electric transport

The electric transport in Agy(Gegas55€g.75)100—y glasses with
0 <y<25at.%hasbeenstudied in [4,15]. Two conductivity regimes
are observed in agreement with [16]. Semiconductor for y <8 at.%
and fast ionic conductor for y >8at.%. The jump in conductivity
(Fig. 3) can be attributed to the fact that Ag-rich bright zones
isolated in a non-conducting matrix in the binodal composition
range evolves towards a bi-continuous morphology in the spinodal
composition range for y > 8 at.% where the Ag-rich phase connec-
tivity gives place to fast ionic conductivity. The rough estimation
of the minimum Ag concentration that grants the connectivity of
the bright phase performed in 3.1 is in agreement with Ag con-
centration threshold for fast ionic conductivity [15]. In agreement
with [17,18] Agy(GexSej_x)100-y glasses present, as well as other
inhomogeneous glasses, an abrupt change of conductivity of several
orders of magnitude.

3.5. Mossbauer effect

Mossbauer effect on Fe doped Agy(Geg 255€0.75)100—y glasses has
been analyzed in [5,19]. Fe doping do not impact on the glass
structure of Agy(Gegzs55€0.75)100-y System. Amorphous samples
containing 0.5% Fe do not present apparent Fe segregation.
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Fig. 3. Conductivity values of Agy(Geg255€0.75)100-y bulk glasses determined from
complex impedance spectroscopy technique. Results reported in Ref. [16] are
depicted for comparison.

Mossbauer spectra were fitted with two quadrupolar splitting
(A) distributions corresponding to two different environments of
57Fe probe. From the dependence of the recoilless fraction fon tem-
perature (T) the Debye temperature (fp) of each environment is
calculated.

A quadrupolar splitting distribution characterized by a large
A doublet corresponds to high spin (HS) Fe2* in distorted octa-
hedral environments and the other characterized by a relatively
small A corresponds to low spin (LS) Fe* in octahedral coordi-
nation. As Ag concentration increases the larger (A) interaction
grows.

0p=290K for HS Fe2* and fp=370K for LS Fe2* for samples
with y=10. The large difference in 6p values suggests that each Fe
environment (LS or HS) corresponds to a different phase. As Ag con-
centration increases the lower 6p regions grow in correspondence
to the increase of the bright zones area in SEM images whereas
zones Ag depleted with a persistent IRO correspond to higher 6p.

Nevertheless, for sample with y=25 which present a singular
morphology and GFA, 6p =316 K for HS Fe2* and p =270K for LS
Fe2*. However as LS Fe?* area decreases more than that of HS Fe2*
as temperature increases, a spin switch from LS to HS states cannot
be discarded and, in that case, 6p estimations should be corrected
accordingly.

4. Conclusions

Agy(GexSeq_x)100-y glasses with Ge atomic fractions x=0.20
and 0.25 and 0 <y <25 at.%, obtained by melt quenching, present
intrinsic heterogeneity consisting of zones of different composi-
tion, basically due to Ag concentration. The heterogeneity size can
be controlled with the overall composition and a small addition of
Fe does not impact in these general trends.

A transition from a binodal morphology towards a morphol-
ogy consisting of two interlaced phases connecting all the sample
occurs for a minor phase volume fraction of about 0.15, that
is Ag concentration below 10at.%. For samples with x=0.25 the
concentration threshold corresponds to y~8at%. As a conse-
quence, the Ag-rich ionic conducting network connects the entire
sample and a change in the electric transport behavior takes
place.

Mossbauer analyses on samples with 0.5% Fe let us see that the
increasing of Ag concentration as well as increases the volume of
Ag-rich zones changes the bonding characteristics of both of the
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phases involved. That is, as Ag concentration changes, also does the
Debye temperature of both phases. However, a spin switch cannot
be discarded for Ag,s glasses.
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