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Structural Development in Ge-rich Ge-S glasses
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Abstract

The Raman spectra of Ge-S glasses in the Ge-riglorrefrom Ge 33 to 46 % have been
investigated in order to know the structural depeient of the network glasses. From the detailed
curve fits, we have found that there is an unassigreak at 410 chmand it becomes larger with
increasing Ge composition. To clarify the struckuwdgin of the peak, we virtually constructed
the atomic arrangement of the glassy state staftorg the crystalline state through the liquid
state and changed the composition gradually deplethe medium in sulfur. From the
consideration of the structural modeling and ttoerad orbital theory, we suggest that single Ge-S
chain is a probable structural origin of the peak.

PACS numbers: 61.05.Qr, 64.75Yz, 68.35b)j

*Corresponding author. Tel. 1 208 426 3395; FaX& 226 2470; e-mail:mariamitkova@boisestate.edu (M.
Mitkova)

. INTRODUCTION

Ge-chalcogenide (GE: X=S, Se) glasses are known as typical network gleese are of a great interest because of
their application potential. To utilize their attteve properties, it is quite important to know tieact structure of
the materials. In the past few decades there has doe extensive effort to investigate the structiirtne glassy Ge-
chalcogenides. Results of several measurementsdieen that a structural transition occurs withréasing Ge
compositiort' 2 According to the results of Méssbauer spectrogdnpBoolchand et af, at high Ge concentration
there are three structural phas&sB andC, in these glasseé phase has similar structure to the high tempegatur
crystalline phase of Ge,, which consists of tetrahedral Gefy), units. B phase consists of the ethane-like (
112)3Ge-GeK 15)3 units.C phase has a double layer structure like crysegltit) GeX. The relative presence of these
phases changes with increasing Ge compositionedent years, the interest was mainly focused ornreég@®n
around the critical composition of the rigidity pefation threshold, where the number of the comgsaer atom is
equal to the degree of freedom. In the compositegion, a steep first-order-like transition, frorary flexible
floppy phase to rigid phase, is observed. The caitipa in Ge-Se system is Ge 23 % [3]. In additiorthat, in
very recent years great attention has been pairarrow region near the critical composition, timermediate
phase window”, , where specific changes due tolfaosganization occur [3, 4]. For Ge-Se system, thgion is
between Ge 20 and 26 % [3].On the other hand, énGk-rich region from Ge 33 to 43 %, a much qualta
change is observed in the Raman spectra [1]. Indeedn be related to the structural transformmegifomA to B
and fromB to C phase. However, it is still worth examining thetaile of the structural development in the
composition region because a quantitative analyisBaman spectra has not been fully made yet.ithgthper, we
present the results of the detailed analysis oR&man spectra of Ge-S glasses in the Ge-richmegioluding our
experimental data of thin films. On the basis & thsults, we propose a unified model, which alqdaéns other
previous experimental results. Using the conceph®fmodel, we finally provide perspective on tlssbilities for
applications.
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II. EXPERIMENTAL
Thin films of amorphous Gg5s4 with the thickness of 300 nm were prepared bytspuag.

The composition was measured by the electron prolmeo-analyzer in the system of the scanning sdect
microscope (LEO 1430VP). Raman spectra were recbusing a Raman spectroscopic system of Horiban Job
Yvon T64000 equipped with liquid-nitrogen-cooled Itialhannel coupled-charge-device detector, in beattering
geometry. Thg@ower?? 441.6 nm He-Cd laser line was used for excitation.

[.RESULTS

Fig.1 shows the Raman spectra of Ge-rich Ge-S egasem Ge 33 to 46%. The three Raman spectrdc)agre
from the results of Takebe et al. [5], which wereasured for bulk samples. The spectrum at Ge 468&wweined
using thin film prepared by sputtering in the presstudy. The qualitative change in the spectreoissistent with
the results of Lucovsky et al. [1] and Kotsalas &agbtis [6]. A background component has been scigtlafor the
spectra at Ge 40 and 46 %. We performed curvenfits Gaussians to the spectra, assuming the presghthe
peaks, which have already been assigned. Amongehks, the peak at 340 ¢nis attributed to the symmetric
breathing mode of S atoms at Gg{% tetrahedron [7]. The intensity of the peak deasasith increasing Ge
composition. This suggests that the number ofélraltedral unit decreases with increasing Ge comiposAt Ge

36 %, the content oA phase is 0 % [2]. Therefore, the peak at 340 @mthe spectrum at Ge 36 % should have
other structural origin. According to Lucovsky [8here is a vibrational frequency at 340 tof the ethane-like
units, whose Raman active frequencies are at 2Daf8d 376 cih The presence of the ethane-like units indicates
the presence of Ge-Ge bonds, in other words, clamlisorder in the system. The peak at 370 ésrinterpreted as
the stretching motion of the outrigger raft (OR¥@mpanied by S-S bond, which was suggested by Bualegh et
al. [9], or the vibration of S atoms on the edgarsiy double bonds [10, 11]. The vibrational freggse of the
ethane-like units is also located near 370'¢@&]. Jackson et al. point out from first-principlenolecular-dynamics
simulations that there are two peaks near 370; enpeak at 373 ch the mode of the edge-sharing cluster, and a
peak at 366 cih the mode of the ethane-like cluster [12]. Overéié peak at 370 chcontains two components.
One arises from ethane-like units. The other afisen and the edge-sharing double bonds or théckirgy motion

of OR. The peak at 430 ¢his regarded as the stretching mode of dimerizatb®s on the edge of the OR [9, 13].
This is also a peak indicative of chemical disordiea stoichiometric composition of Ge 33%. Thekpdecreases
with increasing Ge composition from 33 to 36%, afrdost vanishes at Ge 40%. One can expect thahtmece for
creation of S-S bond declines with decreasing Sposition and the result is consistent with the etqu@n. In
200-300 crit, we obtained two peaks located at 220 and 25% from the curve fit. One of the vibrational
frequencies of the ethane-like unit is located r&&dr cm'; 240 cm* according to Lucovsky et al. [8] and 255tm
according to Jackson et al. [12]. In the spectra-6feS, there are two intensive peaks at 212 aBcc&8, which
are the modes of double layer structure [14]. Témkmat 220 crhis considered to originate from these peaks. 8o fa
we made curve fits only using the peaks which halueady been assigned. However, in the Ge-ricloregiore
than 35 %, we could not fit the spectra without sidering a peak at 410 ¢mwhich becomes larger with
increasing Ge composition. It is obvious that teakpat 410 cihis not formed due to a shift of the peak at 430'cm
because both peaks were required to fit the spacituGe 36 %. It seems that the increase of thie @ie410 crit is
related to the increase Gfphase. But there is no peak with such high frequémthe spectra of c-GeS. We would
expect that there exists a structural unit, whiak & stronger bond than that in the double laygmares such high
frequency vibration. As far as we know, no one &t such a structural unit.

V. DISCUSSION

A. Structural model

In order to find out the structural origin of thibrational mode at 410 chnwe have performed a virtual structural
modeling. Fig. 2 shows how amorphous structureoiméd from c-Ges High temperature crystalline phase of
Ge$S consists of the tetrahedral units. In the figuhere are two streams of Ge-S chains. The streanalsa be
regarded as the sequence of corner-sharing tetahewits. The edge-sharing tetrahedral units contte two
streams. When c-Ge® heated and molten GgiS obtained from the high temperature crystalphase, some Ge-
S covalent bonds would break. If a bond break ccasrshown in the figure, two neighboring S atossoine free
and there is a chance to form a new S-S bond. ddriesponds to the S-S dimmer on the edge of the AiBr
breaking of the Ge-S bonds, the other counterpdir@e atoms become also free. These atoms carehbictd other
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and form a new Ge-Ge bond. As a result, the etlikeemit is formed. Such structure, formed in tiggid phase is
supposed to be preserved in the amorphous phagedmghing. This picture provides an answer to tineldmental
guestion, why the chemical disorder exists in thé&chiometric composition and in amorphous phase.

To clarify the structure in Ge-rich Ge-S glasses,swbtracted S atoms from the structure of amoplen) Gegas
shown in Fig.3. Here we subtracted S atoms outh®fGe-S chain and we assumed that the Ge-S chaatuse is
preserved. S atoms are classified into three grdiipg€™ and 3 column, as shown in the figure. The S atoms in the
1% column are the compositional elements of the G&&n. The S atoms in th&“Zolumn are at the edges of the
corner-sharing tetrahedral units on the Ge-S chmihpot in the Ge-S chain. The S atoms in tAe@umn are in
the middle of the two Ge-S chains, and are ouhefd® column. By subtracting S atoms, the ethane-likié witl
lose one S atom and Ge atom will seek other S afatrere is a neighboring S atom in tH¥ olumn, the Ge atom
will bond with this S atom. If there is no neighlmyy S atoms in the"@ column, the Ge atom will bond with a S
atom in the T column. Through such dynamics, we would expedt titwa interaction between the two streams of
Ge-S chain becomes stronger, resulting in approgatii the two streams. Here, the ethane-like wpidyg a role of
glue. In fact, the composition variation of densitglicates that there is considerable volume cotitna in the
region from Ge 33 to 45% [5, 15]. The same tendes@}so observed in Ge-Se system [16]. We sugbasthe
large volume contraction in the region is causedumh an increase of the interaction between th&(Se) chains.

B. Formation of layer structure

To know further about the structural nature of @e-S glasses close to Ge 50 %, the diffractionystsidiseful.
Using the results of the neutron diffraction stdiolyGe-Se system by Salmon’s group [17, 18], weainled that the
bond angles of Se-Ge-Se are 11f.Blla-GeSg and 101.57in liquid (I-) GeSe, which are close to 109.4,7vhile
the bond angle is 94.8% |-GeSe, which is close to 90Receniab initio molecular-dynamics simulations by Van
Roon et al. support these bond angles [19]. Thegdhén the bond angle from Ge 33 to 50 % can béagad in
terms of the atomic orbital theory. The outermdstieonic configuration of Ge is §f(4p)®> and that of Se is
(49)%(4p)”. In Se atom, twes electrons are low in energy and they do not pipgte in bonding. Two electrons
among fourp electrons are used to form covalent bond with rothe atoms. Hence, Se atom makes twofold
coordination. The remaining twp electrons do not participate in bonding and fornpadr called “lone-pair
electrons”. For Ge atom, there are two cases dépgrah the composition. When the Se compositiofaige
enough, a tetrahedral structure will be formed eeng a Ge atom. In this casp® hybridization occurs in the Ge
atom by the promotion of oreelectron top level. The formation of fousp® orbitals results in the four equivalent
covalent bonds. Thus, the bond angle is close 84%8, which is the value for a perfect tetrahedron. Wtie Ge
composition becomes 50 %, twofold coordinated Getans are formed, as depicted in Fig. 4(a), @salt of the
subtraction of Se atoms. In order to form twofottbiination in Ge atom, twp electrons would participate in
bonding, leaving electrons in bonding without forming hybridizatidgince twap orbitals have normal orientation
to each other, the bond angle of Se-Ge-Se is fimdze 90. In Fig.4(b), we illustrate how a double layeusture
can be formed from the Ge-Se chains. The Ge-Sashaé alternatively aligned alobepxis at different height in
axis. They are connected to each other havingd lund. This is the way how a layer structureisried from the
chains and the layer becomes ‘double’. The formaibthe third bond can also be explained in teofrthe atomic
orbital theory. In Se atom, twp electrons are used for covalent bonds and vedectrons remain as lone-pair
electrons. In Ge atom, twmelectrons are used for covalent bonds andpombital is empty. As it is well known in
the formation of ammonium ion NH a coordinate bond is formed between a lone-phitad and an empty orbital.
Applying this concept to this situation, we can ecfpthat a new coordinate bond could be formed &etva Ge
atom and a Se atom, which are in different neiginigochains.

C. Origin of the peak at 410 cm™

The important point in the third bond formationtiet the bond formation is possible only for hetpatar pair.

According to the neutron diffraction study, thepase homo-polar bonds in |-GeSe [18]. The homo-pdiands

should only exist in the Ge-Se chain composed wvalemt bonds. This leads to the situation that satoes in the
chain face homo-polar atoms in a neighboring chairthe portion, the atoms do not bond with theethatoms and
the chains can fail to form double layer. In thgioa, the Ge-Se chain is left as a single chairhaut being

involved in the layer. The structure in the liquidght be quenched in amorphous phase. Although eedt dvith

Ge-Se system in the above discussion, the situatiald be the same in Ge-S system since the atoganization
and chemical bonding are very similar. Therefoughssingle chain in Ge-S system would be a possiblectural

origin of the peak at 410 ¢
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V.CONCLUSION

We have made an analysis of Raman spectra of Ge&S glasses and found that there is an unasisjprek,
which is located at 410 chin the region from Ge 36 to 46 %. In order tortbe structural origin of the peak, we
considered the structural development in the atcamiangement starting from the crystal structurecefs and
proposed a structural model of Ge-rich Ge-S glasBee model explains why the ethane-like units appe the
glasses. The interaction between the two Ge-S shmnomes stronger with increasing Ge compositientd the
role of the ethane-like units. This is consisterithwthe data of the density measurements. We hdse a
demonstrated that a new type of bond, which bridestwo Ge-S chains to form double layer strugtise
supposed to appear in Ge-rich region close to 50s#g a concept of atomic orbital theory. From ¢hesir
considerations, we have speculated that therec@niplete portion in the double layer structure ie-1@h Ge-S
glasses close to 50 % and proposed the structuigih of the Raman peak at 410 ¢nas single Ge-S chain.
Although we could not give direct evidence in theegent study, such possibility will be examined fbrgt-
principles molecular-dynamics simulations. Our nlogmphasizes the uniqueness of amorphous structime.
concept of our model can provide a useful guideliméind a new functionality in Ge-S glasses in @ region.
The unique nature in the interaction between Gé&dne can affect optoelectronic response and pifatsibn of
silver. In addition, the low dimensionality in trstructure may be utilized in producing a new tygenano-
structures. It would be interesting to examine ¢hasssibilities in further studies.
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Figure captures
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Fig. 1 Raman spectra of Ge-S glasses and the results of the curve fit. The wdtsesho
experimental Raman spectra. The solid curves show the results of fittiiody, ave the sum of
the indicated peaks. The content\oB andC phase, which were obtained from Méssbauer
spectroscopy [2], are also indicated. The values at Ge 46 % (*) weretedtinwen the

exraporation of the results.
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c-GeS, I-GeS, a-GeS,

Breaking of Ge-S bond ( J, )

S-S dimer on the edge of the OR ethane-like unit

Fig. 2 A structural model, which explains how cheahidisorder is formed in amorphous G&®m crystalline
GeS through the liquid phase.
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a-GeS, Subtracting S atoms Much more subtracting S atoms

3

1st column 3rd column

2nd column

Fig. 3 A model of the structural development in &glasses from Ge 33 %(a-GeSo Ge-rich region.
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after subtracting Se atoms to be Ge 50% Formation of double layer (b)

Fig. 4 (a) Atomic arrangement at Ge 50 %. Se atmmasubtracted from the structure of Ge8&) Formation of the
double layer structure from Ge-Se chains. Coldhefchain corresponds to that in (a). (c) Formatibtine third
bond (indicated by blue in (b)).
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