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Thei.r., Ramananddepolarizationspectraof theamorphouspseudo-binary
alloy systems(GeS2)1_~(As2S3)~and(GeSe2)1_~(As2Se3)~are reported
here.In contrastto the one-modebehaviorthat is anticipatedon thebasis
of the massratio of the alloy atoms(Ge/As),two bond-stretchingmodes
areobservedin boththe i.r. andRamanspectra.Thisnew typeof phonon
behavioris interpretedin termsof differencesin the local coordinationvia
achemicalbondingmodel.

THEREHAVE BEEN many studiesof the infrared spectrawere found to becomplementaryandsomeof
(i.r.) andRamanspectraof the longwavelengthoptic the Ramanmodeswerestronglypolarized.These
modes’in pseudo-binarydiatomiccrystallinesystems propertiescouldbe understoodin termsof the short
in which the local environmentis preservedoverthe rangeordervia a model

8basedon valencebonding
entirecompositionrange.Thei.r. andRamanstudies configurations.Studiesof amorphousalloyshave
of the morecovalentof thesesystems,e.g.,the addressedtwo typesof systems,binaryalloys such
111—V andLI—Vt semiconductors,exhibiteithera asGe

1_~Y~,Y= S, Se,Te,
9’1 andpseudo-binary

one-or two-modebehaviorwhich is primarily depen- alloys suchas(As
2Se3)1_~(As2S3)~

12and
denton therelativemassesof the constituentatoms. (As

2Te3)1_~(As2Se3)~~ Thelatterstudiesof the
Forexample,the i.r. spectraof (InAs)1_~(InP),,ex- pseudo-binarysystemsdo notrepresenta significant
hibits two-modebehaviorwhereM~,MAS <M~,2 departurefrom studieson crystallinealloys. Thelocal
but(lnP)1_~(GaP)~givesone-modebehaviorforM~, order ispreservedovertheentirecompositionrange
MGa >M~.

3The extensionof thesestudiesto amor- and the resultantbehaviorin thebond-stretching
phoussolidsoffersa potentiallybroaderrangeof modesis well correlatedwith therelativemassesof
optic phononbehaviorbecauseof theability of the the alloy atoms.
local environmentto adjustto the covalentbonding
requirementsof the constituentatoms. Thisreportisastudyofthebond-stretchingmodes

by i.r. andRamanspectroscopyin thealloy systems:
Previousi.r. andRamanstudiesof compound (GeS

2)1_~(As2S3)~and(GeSe2)1_~(As2Se3)~.New
amorphoussemiconductorshaveyieldedspectrawith measurementsof the i.r., Ramananddepolarization
relativelysharpfeatures~

47The i.r. andRaman spectraof the four end-membercompounds,GeS
2,
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Table1. Model calculationsand observedi.r. and Ramanbond-stretchingfrequenciesfor the end-membercom-
pounds,GeS2,GeSe2,As2S3and As2Se3.includedin the table are the VFFforceconstantsand thefrequencies,
symmetriesandactivitiesof the modesofthe idealizedstructuralelements,A’B4 tetrahedraand AB3 pyramids.For
theRamanactivemodesthe labelsP and D indicate thepolarization(Polarizedor Depolarized). Wehavealsoin-

cludedthefrequenciesofdominantfeaturesin thebond-stretchingregimeofthe i.r. andRamanspectra

Amorphous VFF forceconstants Model Calculations Observed
solid (dyne/cmx 10~) frequencies
(Strucrual (cm’)
element)

ICr k0 IC,,.’ Frequency(cm~) symmetry activity i.r. R

GeS2
(GeS4) 1.69 0.17 0.13 v1,342 A1 R(P) 345(P)

v3, 367 F2 i.r., R(D) 367 374 (D)
408 (D)

GeSe2

(GeSe4) 1.21 0.10 0.22 v1,200 A1 R(P) 201 (P)
219 (F)

v3,248 F2 i.r.,R(D) 254 248(D)
267 (D)

As2S3
(AsS3) 1.39 0.32 0.16 v1,345 A1 R(P) 345(P)

v3,310 E i.r.,R(D) 310 ~310(D)

As2Se3
(AsSe3) 1.12 0.38 0.14 v1,230 A1 R(P) 239(P)

v3,217 E i.r.,R(D) 217 ~225(D)

As2S3,etc.,will also be presented.Thesealloy sys- techniques.Roomtemperaturemeasurementsof the
temsare of particularinterestbecauseof thediffer- transmissionof 6328A light throughtheGeS2 and
encesin coordinationexpectedat the As (3-fold) and (GeS2)o.5(As2S3)0~5samplesstationedbetween
Ge (4-fold) sites.On the basisof the massesinvolved crossedpolarizersindicatedthat theywere of excel-
in thesubstitutionin thesetwo systems,one-mode lent opticalquality with an extinctionratio that
behaviorin the i.r. andRamanspectrais anticipated. variedbetween30 and38 dB at different locations
In this paperwe demonstratethat this expectationis on eachof thesamples.The (GeSe2)1_~(As2Se3)~
notrealized, samplesare opaqueto 6328A light at room tempera-

ture;however,the strongpolarizationof somemodes

2 EXPERIMENTAL as observedin the depolarizationspectra(see Fig. 2)indicatesopticalquality comparableto that of GeS2.

The glassesusedin our studieswere preparedby
weighinghigh purity elementalpowdersinto fused Roomtemperaturei.r. reflectancemeasurements
silica tubes.The 10 mm diametertubeswith 5—10 were madeat nearnormalincidenceusinga Perkin—
gmof reactantswere sealedundervacuumand then Elmer 180 spectrophotometeroperatedin a double
heatedfor a periodof 12 hr to about50—100°C beammode.The reflectanceof thesampleswas
abovethe liquidusphaseboundary.The reactants normalizedby comparisonwith the reflectancefrom
wereheld at this temperaturefor another12 hr and a front surfaceAl mirror and is accurateto ±0.005.
theneitherair-quenched,water-quenchedor The spectralresolutionwasapproximately2 cm~
quenchedin a NaOH—H2Osolution.Opticalsamples
werepreparedby conventionalgrindingandpolishing The Ramanspectrawere measuredin the90°
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A S (GeS
2)~(As2S3)~ transmissionconfigurationusingeither6471,6764or

A GeS 7993A radiationfrom a CRL model 52G krypton
24 ion laser.Sincethe opticalbandgapof the glasses1.2 studiedhereincreasesat low temperatures,all of the
20

Ramanspectrareportedhereweretakenat near60.8
12 �2 liquid He temperature( 9°K)in orderto reduce0.6 ~ .,j~\I~a~5 8 sampleheatinganddegradationdueto absorption.

w 00.12

4 Further,by defocusingthebeamandusinglow power~ ~ ~ 0 levels( 5—50mW), photostructuralchangeswhich
(_) :.)w AsSe lGeSe2115(As2Se~

AGeSO
i.~.i .2 .....~‘ \ I 250 occurevenat liquid He temperaturesin somesamples24 were avoided.

20
.0 -__J’\~~~ _______

0.8 ~ ~ 16 Thei.r. reflectancespectraandthe e2 spectra,
2 �2 derivedvia aKramers—Kroniganalysis,areshown in

0.2 ..._-A ~ 8 Fig. 1 for (GeS2)1_~(As3Ss)~and
4 (GeSe2)1_~(As2Se3)x’ Two modebehavioris clearly

0.0
0 evidentin thebond-stretchingregime.In the

0 200 400 20d 400
W4VENUMBER1cm

1) (GeS
2)1_~(AsaS3)~system,the two modesareat

approximately310and365 cm”~’, whereasin the
FIG. 1. Roomtemperatureis. ande2 spectraof the (GeSe2)1_~(As2Se3)~systemthey areat approxi-
pseudo-binaryalloy systems(GeS2)1_~(As2S3)~and mately220and250cm’.
(GeSe2)1_~(AsSe3)~.Thee2 spectraare obtainedvia
a Kramers—Kroniganalysis.We haveusedarrowsto
indicatethe frequenciesof thedominanti.r. active Figure 2 showsthe RamanHH spectraandthe
bond-stretchingmodes. depolarization(HV/HH) spectraof

(Ge52)0,5(As2S3)o~and(GeSe2)0,5(As2Se3)o,5and
of the four end-membercompounds,GeS2,As2S3,
GeSe2andAs2Se3.The Ramanspectrumof
(GeS2)o.5(As2S3)o,5exhibitsonebroadmodeat 345

GeSe,),., lA~Si,l, H2:1 50mw 6 6328i L 0:1 4.5mw 5 7993i
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FIG. 2. Low temperature(‘- 11 K) Ramananddepolarizationspectraof(GeS2)o,5(As2S3)0~and
(GeSe2)0,5(As2Se3)0.5andthe four endmembercompounds,GeS2,As2S3,GeSe2andAs2~e3.The HH Raman
spectrawererecordedwith a spectraslit width of 6 cm’ andare shownas solid lines.The depolarizationspectra
are shownasdashedlines.The As2S3spectraare from reference5.Note that the abscissaeare linearin wavelength
not wavenumber.The excitationwavelengthsandpowerlevelsare indicatedin the spectra.
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cmt ,whereasthe spectrumof(c~eSe
2)0,5(As2Se3)05 bond-stretchingmodesfor whichthe effectsof the

yieldsmodesat 201 and242 cm’ . The 345 cm~ couplingof thestructuralelementsis small. In the
GeS2,201cm’ and219cm’ GeSe2,and201 cm~ bond-bendingregime.<200 cm’ for
(GeSe2)05(As2Se3)05modesare stronglypolarized (GeS2)1_~(As2S3)~and< 150 cm’ for
as evidencedby the sharpdip in thedepolarization (GeSe2)1_~(As2Se3)~,the model is notas reliable
spectraat the mode frequencies.The featuresin the becausethe couplingbetweenthestructuralelements
spectraof As2S3and(GeS2)05(As2S3)05at 345 at the bridgingchalcogenideatomscannotbetreated
cm~, andin As25e3 and(GeSe2)o~5(As2Se3)05at asa perturbation.We first considerthe dominanti.r.

240cm’
1 are alsopolarized,butto a lesserdegree. and Ramanfrequenciesof the four end-member

glasses.We analyzethesein termsof the frequencies
of the idealizedstructuralelements,AsS

3 and AsSe3
3. DISCUSSION pyramidalunits for As2S3andAs2Se3,respectively,

Previousstudieson the alloy systems andGeS4andGeSe4tetrahedralunits for GeS2 and
(AS2Se3)l_x(As2Ss)~,

4Ge
1_~Se~

9andG~_S 10 GeSe
2,respectively.We do a valenceforcefieldxx

haveestablishedthatbondingin thesealloysfollows calculationusingthreeforceconstants,icr, k0, and
the 8-N rule, andthat thereis a strongtendencyto ~ ~ In this calculationchangesin thepotential
form the mostheteropolarbondsat theexpenseof energyU are relatedto the changesin theequilibrium
otherbondingpossibilities.Forexamplein the positionsof theatoms,1~srand~O,by
Ge1~S~systemthereis a chemicallyorderedphase
at the compositionGe0~33S0,67in which thereare = ~ kr(AP)

2 + -~ ~

only Ge—Sbonds;in S-richalloys(x >0.67), there
are Ge—SandS—S,butno Ge—Gebonds,while m + ~ ~ (1)
Ge-richalloysthereare Ge—SbondsandGe—Ge
bonds,but no S—S bonds. Both pyramidalAB

3 andtetrahedralA ‘B4 structures
havefour internalmodesof vibration two of which

Weextendthesebondingprinciplesto the alloys are predominantlybond-stretchingand two predomi-
studiedhere.The alloyswe considerare formedalong nantlybond.bending.’

4TableI comparesthecalcu-
the join-linesbetweenchemicallyorderedphases. latedbond-stretchingmodeswith dominantfeatures
Thereforein the (GeS

2)1_~(As2S3)~systemweexpect observedin the i.r. andRamanspectra.Alsoincluded
Ge—SandAs—Sbonds,butnot S—S or Ge—As in thetablearethemodesymmetry,the i.r. and Raman
bonds;in the (GeSe2)1..~(As2Se3)~systemweantici- activity,the Ramandepolarization(PorD) andthe
patea parallelsituation,Ge—SeandAs—Sebonds, forceconstants.Additionalweakerfeaturesare clearly
but no Se—Seor Ge—Asbonds.

evidentin thebond-stretchingregimeinboththe i.r. and
Ramanspectra.Thesearenotexplainedby the model

The basicstructuralunit for theAs2S3and we are employingin this analysis,andcanonly be ac-
As2Se3glassesis anAB3 pyramidwith thethree-fold countedfor by a morecompleteanalysiswhich ex-
coordinatedAs atom at theapex.

4’5The pyramids plicitly considersthecoupling of thebasicstructural
areinterconnectedby the two-fold coordinatedS or elements.6’8
Se atoms,thusmaintainingthe 8-N rule. Similarly the
basicstructuralelementof GeS

2andGeSe2is an If we apply the modelto the pseudo-binary
A ‘B4 tetrahedronwith theGe at the center;the tetra- systems(GeS2)j.~(As2S3)~and(GeSe2)5_~(As2Se3)x,

hedraareinterconnectedby thetwo-fold coordinated thenit is necessaryto considertwo structural
S or Se-atoms.

6’9’10 elementsfor eachglass,AB
3 andA’B4 whereA and

A’ arerespectivelyAs andGeandB is eitherS or Se.
Weapply the modelof Lucovsky andMartin

8 to The contributionfrom eachcomponentis weighted
thealloy systemsstudiedhere.Themodelisbasedon by the alloy composition.On thebasisof thisexten-
anassumptionthe the characteristici.r. andRaman sionof the Lucovsky—Martinmodel,8we anticipate
frequenciesof acompoundamorphoussolid canbe two strong i.r. featuresin the bond-stretchingregime.
understoodin termsof the elementof shortrange This is justwhatis observed.TheGeS

4 modeat
order.Themodelgivesa verygooddescriptionof the 365 cm’ andthe AsS3 modeat 310 cm’ are
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presentin the (GeS2)1_~(As2S3)~glasses,whereasthe alloyscanbedescribedin termsof anextensionof
GeSe4modeat — 250 cm_i andthe AsSe3modeat the modelthathasbeensuccessfullyappliedto com~

220cm’ are presentin the (GeSe2)1_~(As2Se3)~ poundssupportsthe pseudo-binarycharacterof the
glasses.Their relativeintensities,asevidentin the e2 alloys and thechemicalbondingapproachto the
spectra,scalewith alloy composition. structureof chalcogenideglasses.

The Ramanspectraof(Ge5e2)0.5(As2Se3)0.5 4 SUMMARY
alsoexhibitsa two-modebehaviorwhereinthe 201
cm’ GeSe4modeand239 cm’ AsSe3modeare We havereportedhereanewtypeof behaviorin
clearlyobserved.Both modesare polarizedasexpect- the is. andRarnanspectraof alloy glasses.Thetwo-
ed,with the 201 cm~modeshowingthe stronger modebehaviorin the systemsunderconsideration
polarizationcharacteristicof thetetrahedrallocal resultsfrom a combinationof two effects,differences
order.The Ramanspectraof (GeS2)05(As2S3)05 in effectiveforce constants,anddifferencesin the
exhibitsonly a singlebroadmodeat 345 cm’ . This modemasses.In diatomiccrystallinealloys,two-
is explainedby an accidentaldegeneracyof theA1 modebehavioris primarily dueto largedifferencesin
modesof GeS4 andAsS3. massbetweenthe alloy atoms.

1Two-modebehavior
in crystallinesolidscanalso resultfrom differencesin

The two-modebehaviorin theseamorphous force constants,asfor examplein II—VI—III—V’5
systemscanbe tracedto two sources,(1)differences quaternaryalloys. However,the two-modebehavior
in theGe—S(Se)andAs—S(Se)forceconstants,and reportedhereis determinedprimarilyby differences
(2) andmore important,differencesin the mode in the local coordinationat the alloy atomsitesand
masses.Both of theseare a resultof the different is uniqueto theamorphousphase.Thispreliminary
local coordinationsat the Ge andAs sites.The main reportis partof a moredetailedinvestigationof the
point is thaton thebasisof thevery smallmass amorphousquaternarysystem
differencesbetweenAs andGe,onewouldhave As

2Se3.As2S3.GeSe2.GeS2.Theextensionof this
anticipatedone-modebehaviorin the alloys. Clearly workincludesadditionalis. andRamanstudies,as
the two-effectscited aboveare largeenoughto over- well asa generalizationof the structuralmodelused
ride this.The factthat thedominantfeaturesof the to analyzethe alloy spectra.
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