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Morphologyand phasestructureof Ag/PbTe thin film bilayerswere investigated.This
systemwasof particularinterestbecauseof interfacialreactionobservedpreviously in an
analogousAg/SnTe system.Reactionproductsdue to the interdiffusion of Ag with the
substrateweredeterminedaswell astheir orientations.They arediscussedin view of the
reactionproducts’structuralrelationsto thePbTe.

1. Introduction

In modernsemiconductordevices, thin metal layersareusedasbarrier layersor as
contactsurfaces.At themetal– semiconductorinterface,a reactive interdiffusionmayoc-
curandits productscaneffecttheelectricalcharacteristics[1]. AIV BVI semiconductorsare
composedof onefourth groupelementof theperiodicsystemandof onesixth groupele-
ment.They areof NaCl or slightly distortedNaCl structure,canbedepositedin theform
of orientedthin films in a simpleway andareinterestingfor infraredtechnologies(gapof
2000to 12000nm).Dueto theelectronicstructureof someof thesecompoundsandtheir
structuralsimilarity, aswell asrelatively smalldifferencesin unit-cell parameters,ternary
compoundscanbepreparedof AIV BVI

�
x� CVI

�
1 � x� compositionwith thepossibilityof vary-

ing theenergy gapandevenobtainingthezerogapvalueby varyingthestoichiometry[2].
SnSexTe1 � x is anexampleof sucha compound.Extensive studiesof epitaxialgrowth on
metalchalkogenides,isostructuralto AIV BVI compounds,but with predominantlyionic
bondingcharacter, havebeencarriedout (e.g.Ref.3). Thisstudycomplementsthemwith
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someinformationabouttheAg growth on anotherbinarysystemwith predominantlyco-
valentsubstrate.

Ag thin films of differentthicknessweredepositedonto(001)PbTe (FCC,a � 0 � 644
nm [4] at varioussubstratetemperatures(TS). Transmissionelectronmicroscopy (TEM)
anddiffraction (TED) supplementedby energy dispersive X-ray analysis(EDAX) were
usedto analysetheseAg/PbTebilayers.Ag growth modes,interdiffusivereactionproducts
andtheirorientationstowardsthesubstrateweredeterminedanddiscussed.

2. Samplepreparation

Ag/PbTe thin film bilayerswerepreparedby vacuumevaporationof PbTe, approxi-
mately30nmthick,ontofreshlycleaved(001)KCl, at thesubstratetemperatureof 370K.
In thisway, (001)orientedPbTewasobtained.Thin Ag film, of 7 to 20nm,wasdeposited
ontothe(001)PbTesurfacesduringthesamevacuumcycleat threemainsubstratetemper-
atures(TS) of 370,470and550K. Somebi- layerswerealsopreparedwith Ag depositedat
intermediatetemperatures.Ag wasevaporatedfrom Mo crucibles.Thelayerthicknesswas
monitoredby thequartzmicrobalance.Ag/PbTe bilayerswerefloatedof theKCl crystals
andpickedupby standard(φ � 3 mm)coppergridsfor TEM andTED analysis.

Fig. 1. 7 nmof Ag depositedontoPbTe; magnification54000� .
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3. Experimentalandresults

Main phenomenaobservedat depositionof Ag (7 to 20 nm) onto (001)PbTe canbe
summarizedas follows: at TS � 370 K, Ag layerswere virtually continuous,substrate
coverageswere closeto 100 %. Between370 K � TS � 470 K, growth of Ag became
increasinglydiscontinuous,andfor thesamenominalthicknessof depositedAg, coverages
weredecreasingwith increasingTS. At 470 K, Ag grew in the form of small polyhedral
crystalliteson the PbTe surface(for any nominaldepositionthicknessinvestigated).At
TS � 470K, TED showedadditionalreflectionspotsdueto Ag2Te, which meansthat in
this rangeof substratetemperaturesAg growth was accompaniedby chemicalreaction
with thesubstrate.

3.1. ContinuousAg layers

Thin Ag film of 7 nm on the PbTe substrateforms a continuouslayer of microcrys-
talline nature(Fig. 1). The correspondingdiffraction image(Fig. 2) givesthe following
orientationof thesemicrocrystallitesrelative to thesubstrate:

[110] Ag 	 [100] PbTe (1a)
(001)Ag 	 (001)PbTe (1b)

Fig. 2. Diffractionimageof anareaof thelayershown in Fig. 1.

Prolongationof (200)Ag reflectionspotsin 
 110 � directionssuggestsa high pro-
portionof microtwinsin Ag subgrains(Fig. 2). Morphologyof thesamplesdid notchange
with increasingthicknessof Ag deposit.However, TED of thicker Ag layers(20 nm)
showedlesstwinningandadditionalreflectionspotsdueto thedoublediffraction.
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3.2. DiscontinuousAg layers

As alreadypointedout,at TS � 470K, Ag grew in isolated,polyhedrallyshapedcrys-
tallinegrains.Irrespectiveof Ag depositionthickness(7 to 20nm),surfacedensityof these
grainsandtheir averagelineardimensionsweredeterminedby TEM as  4 � 5 � 0 � 5��� 109

cm� 2 andabout150nm,respectively. Onecanconcludethatin this temperaturerangeAg
grew mainly in thezdirection(perpendicularto thesurfaceof thesubstrate).

Fig. 3. Nominally10nmthick discontinuouslayerof Ag onPbTe; magnification64000� .

Nominally, 10 nm of Ag was depositedonto PbTe at TS � 470 K (Fig. 3). Striped
contrastobservablein somegrainsis dueto theplanardefects.TED investigationof the
samesampleshowedthatorientation(1a,1b) wasstill predominantin mostAg grainsin
spiteof theirdifferingshapes.

TED of this samplealsoshowedadditionalreflectionspotswhich appearedin te zone
[001] PbTe, approximatelyat the positionsof forbidden � 100� PbTe reflections(Fig. 4,
extremelyoverexposedto make additionalreflectionsvisible).This maybeinterpretedas
a first signof Ag - PbTereactionduringAg growth.

3.3. Ag- PbTereaction

The additionalreflectionspots,first observedat TS � 470 K intensifiedat higherTS,
while Ag reflectionsdiminished.Also, new reflectionsappearedwhich couldbeascribed
to thesamenew phasein differentorientations(Figs.5 and6).
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Fig. 4. Diffraction imageof an areain Fig. 3; overexposed,to make weak additional
reflectionsvisible.

Fig. 5. Diffractionimageof Ag/PbTe layerpreparedatTS � 550K.

Onthebasisof thediffractionimages,thenew phasewasidentifiedasβ-Ag2Te,(mon-
oclinic, a � 0 � 809nm,b � 0 � 448nm,c � 0 � 896nm,β � 123� 3� [4]), thelow-temperature
phaseof Ag2Te. This suggeststhat at TS � 470 K, ashadalreadybeenestablishedfor
Ag/SnTesystem[5], Ag growth is accompaniedby thefollowing reaction:

2Ag � PbTe � Ag2Te � Pb� � 2�
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Fig. 6. Reconstructionof diffractionimageshown in Fig. 5.

However, no domainmicrostructure,characteristicof low-temperaturemonoclinicβ-
Ag2Te, wasobservedin thevicinity of Ag grainsasin Ag/SnTe system.It appearedonly
afterintenseelectron-beam-inducedheatingof thesampleinsidetheelectronmicroscope.

Additional confirmationaboutthe reactive Ag growth, asdescribedby Eq. (2), was
obtainedby repeatedheatingandcoolingof theAg/PbTebilayerwith monoclinicdomains
alreadyformedonheatingstageinsidetheelectronmicroscope(Figs.7a–f).

Monoclinicdomainswererepeatedlydisappearingandreappearingassampletemper-
aturewaspassingthrough420K, i.e. thetemperatureof thephasetransitionbetweenthe
two phasesof Ag2Te.Thefirst stepis shown in Fig. 7. While theoriginalandfinal diffrac-
tion imageswereequivalentandshowedβ-Ag2Te reflections,thediffractionimageof the
sampleheatedover 420 K (Fig. 7d) seemedto show PbTe reflectionsonly. As already
mentioned,the phasetransitionof Ag2Te occursat 420 K from monoclinicβ-Ag2Te to
cubicα-Ag2Te (FCC,a � 0  657nm [4]). This meansthat in thediffractionimageof the
sampleheatedover thetransitiontemperature,α-Ag2Te reflectionswerealsopresent,but
couldnot bedistinguishedfrom thePbTe reflectionsdueto theisostructuralityandsmall
difference(2%) in thelatticeparametersof α-Ag2Te andPbTe.

Furtherevidencefor thedescribedAg growth modewasderivedfrom somediffraction
imagesof reactedAg/PbTebilayers,wherealsoPbOwasfound(tetragonal,a � 0  397nm,
c � 0  502nm [4]) (Fig. 8). It is possiblethat it appeareddueto Pb thatoutdiffusedonto
thesamplesurfaceaccordingto Eq.(2). Largedarkagglomerates,non-transparentto TEM
or TED, couldbeproducedon thesurfaceof reactedbilayersby electronbeamheating.It
wasestablishedby EDAX thatthey consistedmainlyof Pb(Fig. 9).
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Fig.7. (a)Monoclinicdomainsof Ag2Te, (b)correspondingdiffractionimage,(c) thesame
sampleheatedto over420K, (d) correspondingdiffractionimage,(e)brightfield imageof
thesameareaaftercoolingthesamplebelow 420K, (f) correspondingdiffractionimage.
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Fig. 8. Diffractionimageof reactedAg/PbTebilayerwith PbOreflexions.

Fig. 9. (a)Non-transparentagglomerateon thesurfaceof reactedAg/PbTe bilayer, heated
by electronbeam,(b) EDAX analysisof thesamplesurfacein thevicinity of theagglom-
erateand(c) of theagglomerate.
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Fig. 10.Unit cellsof α-Ag2Te andβ-Ag2Te; only Te sublatticesareshown.

4. Discussionandconclusions

DifferentAg depositmicrostructuresobtainedat TS ! 370K andTS ! 470K, respec-
tively, couldbedueto theincreasedmobility of Ag atomsandmicroagglomeratesathigher
substratetemperatures.

Epitaxialorientationof Ag on PbTe,Eqs.(1a)and(1b) wasalsoobservedin Ag/SnTe
system[5] and is an exampleof the so called”45 " orientation”, frequentlyobserved at
epitaxialgrowthsof cubicphasesoncubicsubstrates,with unit cell parametersratioclose
to # 2. This ratio is approximately1.5for Ag/PbTesystem.

Reactionenthalpy E peratomfor thereaction(2) is about0.17eV/atom,which satis-
fiestheBrillson’ssemiempiricalcriterionfor reactionsin thin films (E $ 0 % 5 eV) [6, 7]. As
alreadymentioned,high-temperatureα-Ag2Te andPbTe, moreprecisely, their Te sublat-
tices,areisostructural.Ag in α-Ag2Te is randomlydistributed[8]. At thephasetransition
α-Ag2Te& β-Ag2Te (or vice versa),Te sublatticeis only slightly distorted.In β-Ag2Te,
Ag is ordered,predominantlyinsidetetrahedralinterstitions[8]. Therelationbetweenthe
monoclinicandcubic unit cells of β-Ag2Te andα-Ag2Te canbe describedby (seeFig.
10):

''''''
a
b
c

''''''
β

(
''''''

''''''
0 % 5 ) 0 % 5 1
0 % 5 0 % 5 0
) 1 1 0

''''''

'''''' *

''''''
a1
a2
a3

''''''
α

+
3,

Becauseof thesmalldifferencesin unit cell parametersbetweenα-Ag2Te andPbTe,
Eq.(3) alsodescribesorientationalrelationshipbetweenβ-Ag2TeandPbTe.

TED showedintenseAg2TeformationatTS - 470K. At thesetemperatures,α-Ag2Te
is stable.Dueto structuralrelationshipbetweenPbTe andα-Ag2Te, only thecationsare
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rearrangedwhile theTe sublatticeremainsvirtually unchanged.It wasexpectedthatupon
coolingthesamplebellow thetransitiontemperature(420K), monoclinicdomainswould
appearin 3 equivalentorientations,[201]β parallelto eachof the3 . 001 / PbTeasin the
Ag/SnTe system[5]. This would alsobeconsistentwith theTED data(Fig. 5). Possible
reasonfor theappearanceof thedomainsonly aftersomeexternaldisturbance(e.g.heating
duringTEM) maybethesmallmisfit (2%)at thetopotacticalgrowth of β-Ag2Te oriented
towardsPbTe accordingto (3). Only Ag atomsmay rearrangeto their positionsof the
β phaseduring the transitionfrom the α to the β phase,while the structureasa whole
remainspseudocubic(andpossiblymetastable).In theAg/SnTe system,thisphenomenon
is not observedsincecorrespondingmisfit betweenβ-Ag2Te andSnTe amountsto nearly
5%.
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TEM– I TED–ISTRAŽIVANJA TANKIH DVOSLOJEVA Ag/PbTe

Istrǎzivala se je morfologija i faznastrukturatankih dvoslojeva Ag/PbTe. Taj je sustav
posebnozanimljiv zbog granǐcnih reakcijakoje su se ranije opazileu sličnom sustavu
Ag/SnTe. Odredili susereakcijskiproduktikoji nastajuuzajamnomdifuzijom Ag i pod-
logekaoi njihoveorijentacije,te raspravljaju strukturniodnosisPbTe.
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