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Morphology and phasestructureof Ag/PbTe thin film bilayerswere investigated.This
systemwasof particularinterestbecausef interfacialreactionobsenedpreviouslyin an
analogousAg/SnTe system.Reactionproductsdue to the interdiffusion of Ag with the
substrataveredeterminedaswell astheir orientationsThey arediscussedn view of the
reactionproducts’structuralrelationsto the PbTe.

1. Introduction

In modernsemiconductodevices, thin metallayersare usedas barrierlayersor as
contactsurfaces At the metal- semiconductointerface,areactve interdiffusionmayoc-
curandits productscaneffecttheelectricalcharacteristicgl]. Ay By, semiconductorare
composedf onefourth groupelemeniof the periodicsystemandof onesixth groupele-
ment. They areof NaCl or slightly distortedNaCl structure canbe depositedn theform
of orientedthin films in a simpleway andareinterestingfor infraredtechnologieggapof
2000to 12000nm). Dueto theelectronicstructureof someof thesecompoundsandtheir
structuralsimilarity, aswell asrelatively smalldifferencesn unit-cell parameterggernary
compoundsanbepreparedf Ay By x Cvi(1-x compositiorwith thepossibilityof vary-
ing theenegy gapandevenobtainingthe zerogapvalueby varyingthe stoichiometry2].
SnSTe;—yx is anexampleof sucha compound Extensve studiesof epitaxialgrowth on
metal chalkogenidesjsostructuralto Ay By, compoundsput with predominantlyionic
bondingcharacterhave beencarriedout (e.g.Ref. 3). This studycomplementshemwith

FIZIKA A 6(1997)3,121-131 121



MANDRINO AND MARINKOVIC: TEM AND TED INVESTIGATION OF . ..

someinformationaboutthe Ag growth on anotherbinary systemwith predominantlyco-
valentsubstrate.

Ag thin films of differentthicknesswveredepositecbnto (001) PbTe (FCC,a = 0.644
nm [4] at varioussubstratdemperature§Ts). Transmissiorelectronmicroscoypy (TEM)
anddiffraction (TED) supplementedby enepgy dispersie X-ray analysis(EDAX) were
usedto analyseheseAg/PbTebilayers.Ag growth modesjnterdiffusivereactionproducts
andtheir orientationdowardsthe substrateveredeterminedanddiscussed.

2. Sampleprepamation

Ag/PbTe thin film bilayerswere preparedoy vacuumevaporationof PbTe, approxi-
mately30 nmthick, ontofreshlycleared (001)KCl, atthesubstrateemperaturef 370K.
In thisway, (001)orientedPbTe wasobtained.Thin Ag film, of 7 to 20 nm, wasdeposited
ontothe(001)PbTe surfacesduringthesamevacuumcycle atthreemainsubstratéemper
atureqTs) of 370,470and550K. Somebi- layerswerealsopreparedvith Ag depositedat
intermediatéeemperaturesAg wasevaporatedrom Mo cruciblesThelayerthicknessvas
monitoredby the quartzmicrobalanceAg/PbTe bilayerswerefloatedof the KCI crystals
andpickedup by standard@= 3 mm) coppergridsfor TEM andTED analysis.

Fig. 1. 7 nmof Ag depositedntoPbTe; magnification54000x .
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3. Experimentahndresults

Main phenomenabsered at 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 < 470K, growth of Ag became
increasinghdiscontinuousandfor thesamenominalthicknesof depositedig, coverages
weredecreasingvith increasingTs. At 470K, Ag grew in the form of small polyhedral
crystalliteson the PbTe surface(for any nhominal depositionthicknessinvestigated) At
Ts > 470K, TED showved additionalreflectionspotsdueto Ag,Te, which meansthatin
this rangeof substrateemperature®\g gronth was accompaniedy chemicalreaction
with the substrate.

3.1. ContinuousAg layers

Thin Ag film of 7 nm on the PbTe substratdforms a continuoudayer of microcrys-
talline nature(Fig. 1). The correspondingliffractionimage(Fig. 2) givesthe following
orientationof thesemicrocrystallitegelative to the substrate:

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

L 2

(220) PbTe |

*

L

(300) PbTe | .

Fig. 2. Diffractionimageof anareaof thelayershavn in Fig. 1.

Prolongationof (200) Ag reflectionspotsin < 110> directionssuggests high pro-
portionof microtwinsin Ag subgraingFig. 2). Morphologyof the sampleslid notchange
with increasingthicknessof Ag deposit. However, TED of thicker Ag layers (20 nm)
shavedlesstwinning andadditionalreflectionspotsdueto the doublediffraction.
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3.2. DiscontinuoudAg layers

As alreadypointedout, at Ts > 470K, Ag grew in isolated polyhedrallyshapedrys-
tallinegrains.Irrespectve of Ag depositiorthicknesg7 to 20nm), surfacedensityof these
grainsandtheir averageinear dimensionsveredeterminedy TEM as(4.5+ 0.5) x 10°
cm~2 andabout150nm, respectiely. Onecanconcludethatin this temperatureangeAg
grew mainly in the z direction(perpendiculato the surfaceof the substrate).

Fig. 3. Nominally 10 nm thick discontinuoudayerof Ag onPbTe; magnification64000x .

Nominally, 10 nm of Ag was depositedonto PbTe at Ts = 470K (Fig. 3). Striped
contrastobsenablein somegrainsis dueto the planardefects. TED investigationof the
samesampleshavedthatorientation(1la, 1b) wasstill predominantn mostAg grainsin
spiteof their differing shapes.

TED of this samplealsoshaved additionalreflectionspotswhich appearedhn te zone
[001] PbTe, approximatelyat the positionsof forbidden{100} PbTe reflections(Fig. 4,
extremelyoverexposedo make additionalreflectionsvisible). This may beinterpretedas
afirst signof Ag - PbTereactionduring Ag growth.

3.3. Ag- PbTereaction

The additionalreflectionspots,first obsenedat Ts = 470K intensifiedat higher Ts,
while Ag reflectionsdiminished.Also, new reflectionsappearedvhich could be ascribed
to thesamenew phasdn differentorientationgFigs.5 and6).
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Fig. 4. Diffractionimageof an areain Fig. 3; overexposed,to make weak additional
reflectionsvisible.

Fig. 5. Diffractionimageof Ag/PbTe layerpreparedat Ts = 550K.

Onthebasisof thediffractionimagesthe new phasevasidentifiedasp-Ag»Te, (mon-
oclinic,a= 0.809nm,b = 0.448nm,c = 0.896nm, 3 = 123 3° [4]), thelow-temperature
phaseof Ag»Te. This suggestghatat Ts > 470 K, as had alreadybeenestablishedor
Ag/SnTe system5], Ag growth is accompaniethy thefollowing reaction:

2Ag+ PbTe— Ag,Te+ Ph (2)
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Fig. 6. Reconstructiomf diffractionimageshavn in Fig. 5.

However, no domainmicrostructurecharacteristiof low-temperaturenonoclinic3-
Ag>Te,wasobsenedin thevicinity of Ag grainsasin Ag/SnTe system.t appeareanly
afterintenseelectron-beam-inducdtkatingof the sampleinsidethe electronmicroscope.

Additional confirmationaboutthe reactve Ag growth, asdescribedby Eq. (2), was
obtainedby repeatedheatingandcoolingof the Ag/PbTe bilayerwith monoclinicdomains
alreadyformedon heatingstageinsidethe electronmicroscopdFigs. 7a—f).

Monoclinic domainswvererepeatediydisappearing@ndreappearingissampletemper
aturewaspassinghrough420K, i.e. thetemperaturef the phasetransitionbetweerthe
two phase®f AgoTe. Thefirst stepis shavn in Fig. 7. While the original andfinal diffrac-
tion imageswereequialentandshaved 3-Aga Te reflectionsthe diffractionimageof the
sampleheatedover 420 K (Fig. 7d) seemedo shonv PbTe reflectionsonly. As already
mentioned the phasetransitionof Ag,Te occursat 420 K from monoclinic3-AgzTe to
cubica-Ag»Te (FCC,a= 0.657nm[4]). This meanghatin the diffractionimageof the
sampleheatedoverthe transitiontemperatureg-Ag,Te reflectionswerealsopresentput
couldnot be distinguishedrom the PbTe reflectionsdueto theisostructuralityandsmall
difference(2%) in thelattice parametersf a-Ag,Te andPbTe.

Furtherevidencefor thedescribed\g grownth modewasderivedfrom somediffraction
imagesof reactedAg/PbTe bilayers,wherealsoPbOwasfound(tetragonala= 0.397nm,
¢ = 0.502nm[4]) (Fig. 8). It is possiblethatit appearediueto Pbthatoutdiffusedonto
thesamplesurfaceaccordingo Eq. (2). Largedarkagglomeratesjon-transparertb TEM
or TED, couldbe producedn the surfaceof reactedilayersby electronbeamheating.lt
wasestablishedy EDAX thatthey consistednainly of Pb(Fig. 9).
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Fig. 7. (a) Monoclinicdomainsof Ag,Te, (b) correspondingiffractionimage,(c) thesame
sampleheatedo over420K, (d) correspondingliffractionimage,(e) brightfield imageof
the sameareaaftercoolingthe samplebelon 420K, (f) correspondingliffractionimage.
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Fig. 9. (a) Non-transparerdgglomerat®n the surfaceof reacted\g/PbTe bilayer, heated
by electronbeam,(b) EDAX analysisof the samplesurfacein the vicinity of theagglom-
erateand(c) of theagglomerate.
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Fig. 10. Unit cellsof a-Ag>Te andf-Ag.Te; only Te sublatticesareshavn.

4. Discussiomandconclusions

DifferentAg depositmicrostructuresbtainedat Ts = 370K andTs = 470K, respec-
tively, couldbedueto theincreasednobility of Ag atomsandmicroagglomeratesthigher
substratéemperatures.

Epitaxialorientationof Ag on PbTe, Egs.(1a)and(1b) wasalsoobsenedin Ag/SnTe
system[5] andis an exampleof the so called”45° orientation”, frequentlyobsenred at
epitaxialgrowthsof cubicphase®n cubicsubstratesyith unit cell parametersatio close
to v/2. Thisratiois approximatelyl.5for Ag/PbTe system.

Reactionenthaly E peratomfor thereaction(2) is about0.17eV/atom,which satis-
fiestheBrillson’s semiempiricactriterionfor reactionsn thin films (E < 0.5eV) [6, 7]. As
alreadymentionedhigh-temperature-Ag,Te and PbTe, more precisely their Te sublat-
tices,areisostructuralAg in a-AgpTeis randomlydistributed[8]. At the phasdransition
a-Ag>Te— B-AgaTe (or vice versa),Te sublatticeis only slightly distorted.In B-Ag2Te,
Ag is ordered predominantlyinsidetetrahedrainterstitions[8]. Therelationbetweerthe
monoclinicand cubic unit cells of 3-Ag,Te anda-Ag,Te canbe describedvy (seeFig.
10):

a 05 -05 1 a1
b| ~|| 05 05 0]|-| a (3)
c 5 -1 1 0 as |,

Becauseof the small differencedn unit cell parameterbetweenn-Ag,Te andPbTe,
Eq. (3) alsodescribe®rientationakelationshipbetweerf3-Ag,Te andPbTe.

TED shovedintenseAg, Te formationat Ts > 470K. At thesetemperaturesy-AgoTe
is stable.Dueto structuralrelationshipbetweenPbTe anda-Ag,Te, only the cationsare
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rearrangedvhile the Te sublatticeremainsvirtually unchangedit wasexpectedthatupon
coolingthe samplebellow the transitiontemperatur¢420K), monoclinicdomainswvould
appeain 3 equivalentorientations[201]g parallelto eachof the3 < 001> PbTeasin the
Ag/SnTe system[5]. This would alsobe consistentwith the TED data(Fig. 5). Possible
reasorfor theappearancef thedomainonly aftersomeexternaldisturbancée.g.heating
during TEM) maybe the smallmisfit (2%) at thetopotacticalgrowth of 3-Ag,Te oriented
towardsPbTe accordingto (3). Only Ag atomsmay rearrangeo their positionsof the
B phaseduring the transitionfrom the a to the B phase while the structureasa whole
remaingpseudocubi¢andpossiblymetastable)in the Ag/SnTe systemthis phenomenon
is not obsenedsincecorrespondingnisfit betweer3-Ag,Te andSnTe amountgo nearly
5%.
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TEM-| TED-ISTRAZIVANJA TANKIH DVOSLOJEW Ag/PhTe

Istrazivala se je morfologijai faznastrukturatankih dvoslojeva Ag/PbTe. Taj je susta
posebnaozanimljiv zbog granitnih reakcijakoje su se ranije opazileu slicnom sust&u
Ag/SnTe. Odredili susereakcijskiproduktikoji nastajuuzajamnondifuzijom Ag i pod-
logekaoi njihove orijentacije te raspraljaju strukturniodnosis PbTe.
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