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Orientalt ionvezetd és félvezetd rétegek kialakitdsa nem orientalt hordozokon

Jelen projektben modern technologiai jelentOségii vegyiiletfélvezets-, és szuperionos vezetd
vékonyrétegek anyagszerkezeti, elektromos tulgjdonsagait vizsgaltuk, eléallitasi lehetéségiiket és
annak technol6giai vonatkozasait vizsgaltuk. A vizsgalt anyagok egy része (Ag,Te, CdSe, ZnSe)
kozepes (1.5-3 eV) tiltott savszélességel bir, igy alkalmazasuk elsGsorban a mikroelektronikaban
fotoelektromos alkalmazasokban jellemzé. Az igen keskeny (0.01-0.2 eV) tiltott sava eziist
szelenid (Ag2Se) viszont, ujabb kutatasok szerint (A. Husmann, J. B. Betts, G. S. Boebinger, A.
Migliori, T. F. Rosenbaum, M. L.Saboungi, Nature 417 (2002) 421) erés magneses €ellenallas
fuggést (GMR) mutat amely szokatlan modon extrém nagy terek esetén is linearis, igy magneses
tér méréeszkdznek alkalmas. A fenti rétegek eldallitasara egy altalunk eredetileg Ag,Se
eléallitasara kidolgozott aternativ médszert alkalmaztunk (G. Safran, P. Keusch, J.R. Giinter,
P.B. Barna, Development and properties of single crystalline silver selenide layers, Thin Solid
Films 215 (1992) 147-151.). Lényege, hogy a reakcié hémérsékletén vald egymas utani
vakuumpérologtatassal vissziik fel a komponenseket, amelyek a masodik dsszetevo lasst felvitele
alatt Iépnek kémiai reakcidba. A topotaxias folyamat az &sszetételt Onmikédéen, a
sztéhiometridanak megfelelden allitja be. Tovabbi elény, hogy eziist szelenidnél teljes Ag,Te-nél
részleges ujraorientalédas Iép fel a rajuk jellemzé allotrop fazisatalakulds soran, ami
nagykristalyos, orientalt réteget eredményez (G.Safran, L. Malicskd, O.Geszti, G. Radnoczi, J.
Cryst. Growth, 205 pp. 153 (1999)).

Vizsgalatainkat aapvetéen transzmisszids elektronmikroszkopos (TEM), energiadsizperziv
rontgenspektrométeres (EDS) ill. elektrondiffrakcios modszerekkel ill. ex situ és in situ
négypontos elektromos mérésekkel végeztiik.

A kutatas eredetileg 2001-ben indult volna, majd médositas utan 2002. januarjaban, és 2004-es
befgjezés volt tervben. A témavezetd 2004-es kiilfoldi tartdzkodasa miatt ez 2005 -re valtozott.
|détartam tehat: 2002, 2003, 2005.

2001

2001 nov. dec hénapokban a 2002-ben indulé kutatas targyi feltételeit teremtettik meg.
Osszeallitottuk a rétegeldallitisokhoz sziikséges vakuumpérologtatd berendezést, amelyhez
megrendeltink 1db Leybold gyartmanyG XTC2 tipusi rezglkvarcos vastagsagmérd és
folyamatvezérlé berendezést. Felépiilt az in situ elektromos rétegellenallas mérésekhez sziikséges
mérérendszer. Az elektromos mérésre szolgalod analdg/digitalis interface kartyat egyéb forrasbol
biztositottuk. A berendezések tesztelése céljabol kisérleteket végeztiink Ag,Te rétegek
eléallitasara és mérésére. 2001-ben publikacidé nem tortént.

2002

A projekt iitemezésének megfeleléen elkészitettiik a kisérleti osszeallitast, kidolgoztuk és
elvégeztik az Ag, AgSe Ag.Te, Cd, CdSe, és CdTe vékonyrétegek eléallitasat
vakuumparologtatassal ill. a komponensek kémiai reagaltatdsaval. Ennek soran sikerrel
alkalmaztuk a jelen szerz6dés keretében beszerzett rétegvastagsagmérd- és folyamatszabalyzo
berendezést. A rétegek szerkezet- Osszetétel- és morfologiai vizsgalatat transzmisszios



elektronmikroszképpal (TEM), hatarolt teriiletii elektrondiffrakcioval (SAED) és  energia
diszperziv rontgenspektrométerrel végeztiik in situ és ex situ.

Kimutattuk, hogy az Ag-Te reakcioval keletkez6 Ag,Te rétegek morfoldgidja és
kristalyorientacioja egyrészt a kémiai reakcid hémérséklettél masrészt az eziist réteg eredeti
(random, ill (100), (110) , (111)) orientaciojatol fiigg. Megallapitottuk, hogy a reakcio a telluridra
jellemz6 allotrop féazisatalakulas kritikus hémérséklete (Tc=150°C) alatt is és folott is lezajlik
»Alacsony homérsékleten” monoklin fazis jon létre az Ag réteghez viszonyitott sajat preferalt
morfoldgiat és orientaciot két dolog; a magas homérsékletli fcc fazis preferencidi, majd
lehiitéskor az allotrop fazisatalakulas soran bekovetkez6 szerkezeti atrendez6dés hatarozza meg.
Ennek megfeleléen, ahogy azt az in situ TEM hémérsékleti ciklus kisérletek is igazoltak, Tc
hémérséklet alatt aproszemcsés monoclin Ag,Te fazis jon 1étre a (001) egykritaly Ag rétegen. A
kozés (100) sik merdleges a feliiletre és a (010) vagy (001) sikok parhuzamosak vele. A Tc
hémérséklet folott keletkezd vegyiiletréteg nagyszemcsés. Random eziistén a vegyiilet is random
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hémérsékleti program a mar texturalt rétegekben szemcsedurvulast idéz el lamellas
szemcseszerkezettel. A fenti viselkedés azonban annyiban eltér az Ag2Se rendszernél
tapasztaltaktol, hogy az jraorientacio kisebb mértékii, nem teljes. Ez a két anyag enthalpia
kiillonbségével (Ag2Te-ben AH=0,17kcal/mol ill. Ag2Se-ben AH=1.6 kca/mol) magyarazhato,
ami miatt atelluridban kisebb az atrendezédés hajtoereje.

A 2002. évben négy kozleményiink volt a jelen OTKA témaban- két poszter eldadas nemzetkdzi
konferencian és két cikk nemzetkozi folyodiratban.

2003

A 2003-évi programunkban Zn ill. Cd vékonyrétegeket allitottunk eld, azok Se gobzzel valo
kémiai reakcigjat és a végbement mikroszerkezeti valtozasokat vizsgaltuk. A rétegek szerkezet-
Osszetétel- és morfologiai vizsgalatat transzmisszios elektronmikroszkdppal (TEM), és energia
diszperziv rontgenspektrométerrel végeztiik in situ és ex situ. Megallapitottuk, hogy a Zn ill, Cd
szokasos vakuumparologtatasi paraméterek mellett még alacsony hémérsékleten sem kondenzal a
hordozéra. Hogy egyaltalan mintat tudjunk késziteni, a probléma megoldasdra moddszert
dolgoztunk ki. A magképzddést és a kondenzaciot elésegitendd, a Zn ill. Cd parologtatasa el6tt
0,5-2,5 nm Ag magképzo réteget (seedlayer) alkalmaztunk. Ezzel lehet6vé valt a fenti rétegek
novesztése a kiilonb6zd hordozokon. Az igy ndvesztett Zn ill. Cd vékonyrétegek (szorosan pakolt
textara). A Zn ill. Cd réteg az Ag (110)-on kétféle - (00.1) és (1-21-3)- felfekvést, az Ag (100)-
on kétféle azimutalis felfekvést, Ag (111)-en egyféle felfekvést: Ag <220>//Cd <11.0> felfekvést
mutat.

Az eredmények szerint a szelénezési folyamatban kialakul6 rétegekben a cph ZnSe, ill. CdSe
fazis c-tengelye merdleges a felilletre a  kovetkez6  kolesonds — orientacioval:
MeSe(00.1) | Me(00.1) és MeSe[10.0]|| Me[10.0], ahol Me az adott fémet (Zn, Cd) jelenti.
Ezekbdl kovetkezben, hasonloan a korabban vizsgalt Ag-Se ill. Ag-Te rendszerhez, topotaxias
reakciorol beszélhetiink. Jelentds eltérés mutatkozik azonban a korabbi rendszerek viselkedését6l
abban, hogy a teljesen szelénezett allapothoz (50/50%) kozelitd Osszetételii ZnSe ill. CdSe
rétegekben hirtelen szemcsendvekedést tapasztaltunk, a fent emlitett preferalt orientacio



eltiinésével egyiitt. A valtozashoz  —szintén eltéréen a kordbban vizsgalt rendszerek
viselkedésétél- nem volt szikkség homérsékletvaltozasra. A jelenség magyarazatat,
mechanizmusat és a hajtoer6ket még nem ismerjiik minden részletében: Megfigyelhet6 volt, hogy
a szelénezés soran a rétegekbe beépiilt jelent6s mechanikai fesziiltség az atkristalyosodas
lezgjlasakor relaxalodott. Feltételezziik, hogy a réteget alkotd, a szelénnel kémiai reakcidba még
nem lépett kadmium stabilizalja az épiilé hexagonalis Me-Se fazist, majd a tovabbi szelén
indulnak, és végbemegy az atkristalyosodas. Annak megallapitasa, hogy a cph mellett kobos (fec)
fazis is jelen van-e a mintakban, és hogy a két fazis kozotti atalakulasnak az atkristalyosodasban
van-e szerepe, szintén tovabbi vizsgalatokat igényel.

Az elektromos tulajdonsagok mérésére szolgald mérérendszer fejlesztésére (egyéb forrasbol)
beszereztiink egy vezérelhetd tapegységet, amely 2004 januarjaban érkezett. Ennek segitségével a
mintak hémérsékleti programjai, a méréaramok és a mért adatok szamitogéppel vezérelhetok ill.
kezelhetok, feldolgozhatok. A 2003. évben harom kozleményiink jelent meg jelen OTKA
témaban: egy poszter eléadas nemzetkdzi konferencian és két cikk nemzetkszi folyodiratban.

2005

Az utolsd év programjat a korabbi eredmények ismeretében moédositottuk. A reakcio
hémérsékletén vald egymas utani vakuumparologtatassal torténd rétegel6allitasi modszer ill. az
azt koveté fazisatalakulas soran el6alld kedvezd kristalyorientacid az eziist szelenid
vékonyrétegek esetében adta a legjobb eredményeket. Ezért 2005-ben az Ag-Se anyagrendszerre
koncentraltunk, mint modellrendszerre, emellett az Ag,Se rétegek elektromos tulajdonsagait
mértiik.

Az ex situ és in situ elektromos mérések mellett az Ag,Se vékonyrétegek Ag-Se kémiai reakcid-
folyamatait tanulmanyoztuk keresztmetszeti TEM-mel, a szerkezetkialakulasi mechanizmusok
feltarasa céljabol.

1) A egykristaly és amorffal fedett hordozdkon az altalunk kidolgozott mddszerrel novesztett
AQ,Se rétegek elektromos tulajdonsagait hasonlitottuk Ossze, meghataroztuk a toltéshordozo
koncentraciokat, mozgékonysagokat az allotrop fazisatalakulas Koriili hdmérsékleti ciklusokban.
A NaCl és az oxidos Si hordozon késziilt rétegek tulajdonsagai , ellenallas hémérsékletfiiggése,
hiszterézis szélessége, stb, jelentéktelen mértékben tértek el egymastdl. Ez azt jelenti, hogy a
technol6giailag fontos Si hordozon is elhanyagolhatéan alacsony szemcsehatarsiiriiséget értiink
el, a réteg elektromos szempontbdl egykristalynak tekinthetd. (Somogyi, Safran Vacuum 80
(2005) 350-355

2.) A szerkezetkialakulasi mechanizmusokat tartuk fel Ag-Se rendszerben, komplex elektromos
és TEM modszerekkel, ill. a folyamatokat numerikus szamitasokkal modelleztiik. A négypontos
elektromos mérést az Ag réteg Se-nel vald kémiai reakcioja kozben -in situ- alkalmaztuk. A
rétegszerkezeti valtozasokat kiilonboz6 mértékben szelénezett mintakon kovettiik, NaCl ill. Si
hordozon. Egykristalyos és polikristalyos Ag rétegeket novesztettiink egyidejiileg vakuumban
NaCl ill. természetes oxidal fedett Si hordozon. Az eziist rétegeket ezutan Se gbzzel reagaltattuk,
és azok kiilonbozo allapotait vizsgaltuk (lasd a mellékelt el6késziiletben 16vo kéziratot).

Keresztmetszeti TEM vizsgalatokkal kimutattuk, hogy (100) egykristaly eziist rétegekben
(amelyekben alig talalunk kristalyhibat) az Ag-Se kémiai reakcio homogén modon megy végbe,
emiatt az eziist-szelenid/eziist fazishatar kozel idealis vizszintes sik lesz, amely a reakcio eldre



haladtaval fontrdl lefelé mozog, mig eléri a hordozét, és befejezédik a folyamat. Ekozben a
feliiletre g6zolt Se diffuzidval jut at az egyre vastagodo eziist-szelenid rétegen, és a fazishatarnal
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Kirkendall iiregeknek kellett volna hatramaradniuk az eziistben, de ebben a fazisban ilyenek nem

voltak. A folyamat eredményeképpen parhuzamos, sima feliiletekkel hatarolt (001) orientacidja
egykristaly Ag,Se réteg jon létre.

Si-oxid hordozéra késziilt polikristalyos eziist rétegekben (ezeknek van technologiai jelent6sége
is), keresztmetszeti TEM vizsgalattal megmutattuk, hogy a reakcio preferaltan a szemcsehatarok
mentén megy végbe. Emiatt a képz6dott szelenid fazis az Ag szemcsék hatarain gyorsabban hatol
be a rétegbe, mint a szemcsék tetején. Az eziist szemcsék lekerckednek és befiizédésekkel
tarkitott, arkddos Ag2Se/Ag fazishatar profil jon 1étre, amely idében lefelé mozog. A konnyi
szemcsehatar-menti diffazié miatt a Se mar a folyamat korai szakaszaban eljut egészen a
hordozoig, ahol szintén reakcioba 1ép az eziisttel, és ott is 1étrejon egy vékony Ag,Se tartomany.
A vastagabb f6lsé és a vékonyabb alsé Ag,Se tartomany a reakcié folyaman le- ill. folfelé
terjeszkedik, talalkozik, arkados alakjaval koriiloleli a az eziist szemcsék maradékat, amely a
folyamat végére szintén atalakul eziist-szeleniddé.

Itt érdemes megemliteni, hogy -noha a Se a diffuzié miatt a szemcsehatar teljes hosszaban jelen
van- a szelenidképzodés csak a (fliggblegesen alld) szemcsehatarok fols6 ill. also végein
kezdédik ¢és zajlik. Magyarazat: Ismert, hogy az eziist atalakulasa szeleniddé
térfogatndvekedéssel jar. A szemcsehatar belsejében —ahol arra nincs hely- esetleg kialakulo
Ag,Se mag nagy nyomofesziiltséget hozna létre az Ag rétegben, amely ott nem tudna relaxalodni.
A szemcsehatar szabad végein azonban a térfogatnovekedés megengedett, vertikalisan, igy a
fesziiltség relaxalodik. Roviden szdlva, a vékonyréteg vastagodhat a tetején,vagy akar az aljan, a
kozepén azonban nem. A jelen reakcio- folyamat végén alul (a hordozonal) sima, foliil viszont
erésen hullimos Ag,Se réteg jon létre.

Nagyon fontos, hogy a polikristalyos eziiston keletkezett Ag,Se réteg erdsen texturalt; tobbszor-
200°C-rol lehil és 133 °C-nal atmegy a ra jellemzo allotrop fazisatalakulason. Ahogy azt egy
korabbi projektben kimutattuk, a bec/ortorombos fazisatalakulas magképzddése kis stirliséggel, a
feliileten indul. A szabad feliilet energiaviszonyai miatt a magok (001) orientacioban jelennek
meg, és ndvekednek, ennek megfeleléen nagy kristalyos réteg jon 1étre.

A (001) orientalt nagy kristalyokbodl allo réteg kedvezé a technologiai alkalmazasban. A fo6ls6
feliilet hullamosaga kis kiinduld Ag szemcsemérettel (pl. alacsony hémérsékletli eldallitas)
orvosolhato, az Ag eredeti szemcsemérete pedig nincs hatassal az Ag,Se végs6 morfologiajara. A
fenti modon Si-ra és {ivegre novesztett (001) Ag,Se rétegekre eziist kontaktust parologtatva, az
(100) orientacioét mutat. Fontosabb, hogy az eziist felvitele egyben adalékolast jelent a rétegben,
ami megvaltozatja az elektromos és GMR tulajdonsagokat. Utdbbi, irodalmi feltételezés szerint,
éppen az Ag tobblet, ill. annak inhomogenitasai miatt jon egyaltalan Iétre az eziist szelenidben.

A fenti vizsgalatokkal tehat megismertiik az Ag-Se reakcio soran a vékonyrétegben végbemend
morfolégiai folyamatokat, és meghataroztuk a szerkezetkialakuldas mechanizmusait. A TEM
szerkezetvizsgalat eredményeit in situ elektromos ellenallasmérésekkel és a feltart morfologiat
figyelembe vev6 matematikai modellel is alatamasztottuk.

F6 eredmény, hogy kimutattuk a kristalyhibak szerepét és megismertiik az Ag-Se kémiai reakcio
mechanizmusait. Talan még fontosabb megallapitas, hogy noha fentiek egyetlen kétkomponensii
modellrendszeren (Ag-Se) lettek kidolgozva, -mert alapvetd fizikai jelenségekre épiilnek- nagy



valosziniiséggel egyéb anyagparokra is altalanosithatok. Ennek igazolasa, a kisérletek elvégzése
tovabbi anyagokon, mar nem tartozik jelen projekt kereteibe.

A feltart ismereteket alkalmazva technologiai célra (pl. magneses tér szenzor) alkalmas Ag.Se
rétegek készithet6k Si, vagy tiveg hordozora is. Ag.Te ill. CdSe rétegek esetében, -nem orientalt
hordozokon- az orientacio és a szemcseméret kevésbé kézben tarthatd, mint Ag,Se esetében, de a
rétegek polikristalyos volta nem zar ki bizonyos alkalmazasokat.

A 2005. év f6bb eredményeit 6sszefoglaldo kozleményt a Journal of Crystal Growth-ban fogjuk
megjelentetni. Ennek elékésziiletben levo kéziratat (G. Safran, P. Panine, Gy.J. Kovacs In Situ
Electrical and TEM Studies on the Structure Formation Mechanisms of Vacuum Deposited
Silver-Selenide Layers), tajékozatasul, mellékelem a zarojelentéshez. A kézirat elfogadasardl
értesitést fogok kiildeni.

Udvozlettel,
Budapest 2006. 02. 28, Safrén Gyoray
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ABSTRACT

The structure formation of thin Ag,Se layers via chemical reaction between thin silver
films and subsequently vacuum deposited selenium has been studied by transmission
electron microscopy and in situ electrical measurements. TEM studies reveal ed that
during the reaction process Ag,Se phase penetrates uniformly into single crystaline (001)
silver films so that a planar interface is build up between the metal and the compound. In
polycrystalline silver, however, the reaction occurs preferentially at the grain boundaries
and an arch shaped interface is formed. The corresponding in situ measurements revealed
adelayed sudden increase and an early moderate increase of the electrical resistance vs.
deposited Se thickness curvesin single- and polycrystalline Ag, respectively. Thisis
attributed to the different morphologies of the formed Ag,Se phase of high electrical

resistivity. Substituting electrical circuits were proposed and numerical calculations were
carried out for modelling the evolution of the electrical resistance during selenization.
Reaction mechanisms of the selenization of the single- and polycrystalline Ag layers are
proposed on the basis of the present results. The revealed structure forming mechanisms
imply issues for tailoring the layer properties and to devel op suitable technologies for the
preparation of thin Ag,Se layers for microel ectronics applications.



1INTRODUCTION

Silver selenide belongs to the AloBV! group of semiconductors. Its structural and

electrical properties such as polymorphic phase transition, superionic conductivity,
photoelectric properties provide potential photovoltaic and thermoelectric applications
(switch) [ref.1,3]. Due to its recently discovered linear giant magnetic resistance [ |,
Ag,Se is a candidate for magnetic field sensors up to extremely high fields. Therefore,
the study of the physical properties and the formation mechanisms of thin Ag,Se layers
are strongly motivated nowadays.

The morphological and crystallographic changes of 20-40 nm thick silver films due to
selenization were studied in plan view, earlier [6-7]. The am of the present work was to
extend the studies of the Ag,Se phase formation by cross sectional TEM (XTEM) and in
situ electrical measurements. We intended to measure and correlate the microstructural
and electrical resistance changes during selenization. For this purpose both single- and
polycrystalline Ag layers were applied. By the comparative study of the relatively defect
free single crystal and the defected polycrystalline films we revealed the influences of
crystal defects on the mechanisms of Ag,Se phase formation.

2. EXPERIMENTAL

Poly- and single crystalline silver films were applied for the selenization process. Silver
and selenium were evaporated subsequently onto the substrates through a shadow mask
suitable for in situ four-point electrical measurements. Gold contact pads were deposited
in a separate vacuum system prior to silver deposition.

Resistance changes during selenization of the silver layers were recorded. Samples
prepared simultaneously were subjected to cross sectional TEM preparation (A. Barna| |
and G. Safran [ ]) and investigation.

Preparation of the substrates

Single crystaline silver layers were deposited onto NaCl substrates. The NaCl was air
cleaved, rinsed in distilled water, air dried and exposed to chlorine gas. This pre-
treatment enabled the growth of (100) oriented Ag films[1, 2].

Polycrystalline silver layers were deposited onto both glass plates and silicon wafers
covered with amorphous oxide, for electrical measurements and XTEM investigations,
respectively. The glass substrates were cleaned with detergent, etched in a diluted glass
etchant for several minutes and rinsed 3 times in bidistilled water prior to deposition of
the gold contacts. The silicon substrates were degreased twice with aceton in ultrasonic
bath.

Gold contacts 2x1.5 mm in size and 100nm in thickness have been evaporated from
tungsten boats through the mask onto the substrates in a high vacuum system. The
substrate temperature during gold deposition was 200°C in case of rock-salt and 300°C in
case of glass and silicon substrates.

Preparation of the samples
The samples have been prepared in a conventiona high vacuum system equipped with a

liquid nitrogen trap. The base pressure of the chamber was below 5x10-6 mbar. The in



situ furnace was placed at a distance of 15 cm from the evaporation sources. The
substrates for electricdl measurements were mounted on the furnace by depressing
platinum contact tips to the Au contact pads. The temperature of the substrates was
controlled by a Ni-NiCr thermocouple. The furnace was suitable for in situ measurements
between room temperature and 250°C.

30-800 nm of silver (Balzers, puriss. grade) was deposited at 120°C onto the prepared
substrates by thermal evaporation at a rate of 1nm/s. Subsequently, the substrate
temperature was risen to 200°C and selenium (purity: SN) was evaporated at various
thicknesses onto the silver at a rate below 0.1 nm/s. At the given conditions the Ag-Se
reaction took aready place during the selenium deposition, i.e. Ag,Se was formed
without additional annealing.

Electrical measurements

In situ four point electrical resistance measurements were carried out during the
deposition of selenium onto the silver layers equipped with the pre-deposited Au contact
pads.

The measurements were carried out above the critical temperature (133°C) of the
polymorphic phase transition, therefore, the AgoSe was formed in the high temperature,

ion conducting phase. In order to avoid the transport of the silver ions alternating
measuring current (0.1mA, 1kHz) was applied on the current pads. The measuring
current was supplied and the voltage proportional to the resistance was measured by a
lock in amplifier. Resistance of the samples versus deposited thickness was recorded as
inputing both the signals of the thickness monitor and the lock-in amplifier.

3.RESULTS

Structure and mor phology of the samples

Purposely to reveal the microstructure formation of the films we investigated the
structure and morphology of samples selenized to various extents.

Typical Ag layers are shown in Fig. 1, which were vacuum deposited and prepared for
XTEM simultaneously. The Ag layer deposited onto NaCl (Fig.1.a) is 670 nm thick,
(100) orientated with relatively smooth surfaces and low number of defects (mostly
dislocations). The Ag layer on Si (Fig. 1.b) is 745 nm thick, polycrystalline with
randomly oriented 200-800nm size grains. The thickness difference of the two layers will
be discussed | ater.

Fig. 2 represents theinitial stage of the silver-selenide formation in (001) silver layers
reacted with 5 nm Se. The Ag,Se appears as 200-500 nm lateral size faceted grainsin
plan view (a). The grains are forming typically at crystal defects, in thiscase, a a
dislocation indicated by the arrow in the cross section (b).

The morphologies of partly selenized (with 200nm Se) single- and polycrystalline Ag
layers (Fig 3a.and b) were found completely different from each other.

In the single crystalline Ag (Fig3a) a smooth, planar interface is found between the intact
(Ag) and the reacted (Ag,Se) volumes. Thisindicates that the selenium penetrated
uniformly into the relatively defect-free single crystal Ag. The SAED pattern represents



orthorhombic AgoSe phase in the sample. Under such conditions the silver selenideis

present only above the Ag-Ag,Se interface.

In polycrystalline Ag (Fig3b), however, the reacted area (“Ag>Se”) is found to penetrate
deeper at the grain boundaries than at the top of the silver grains (“Ag”). Accordingly,
arch shaped interface isformed. SAED patterns indicate identically oriented large silver
selenide grains. An enclaved Ag,Se layer of 28nm (at this reaction stage) average
thickness is visible between the substrate and the polycrystaline silver film (Fig3d). Dark
field image taken by a AgpSe reflection is shown in Fig3e. The enclaved horizontal

AgoSe stripe appearing in bright (see the arrow) indicates that selenium can diffuse
across the Ag film along grain boundaries and can react with silver also at the substrate.

Fully selenized layers developed on (100) silver show (001) monocrystalline AgoSe film
of relatively regular thickness, while large grain polycrystalline AgoSe of irregular

thickness has been grown on polycrystalline silver represented by Figsaand b
respectively.

Electrical resistance changes during selenization

The variations of the electrical resistance of 100 nm thick single- and polycrystalline Ag
films were measured in situ as a function of the deposited thickness of Se. The
selenization of the single- and polycrystalline Ag films was carried out under identical
conditions. The corresponding resistance curves (Fig 6 (a) and (b)) were found
remarkably different.

Fig. 6. shows that prior to selenization (0 nm Se) the electrical resistance of the single
crystalline Ag layers (a) was about 0.3 Q, while that of polycrystalline films (b) about 0.4
Q.

The resistance of the single crystalline silver (Fig.6. @) remained practically unchanged
even at 50-60nm thickness of deposited selenium. Following that, the resistance showed
an increase with a moderate rate until about 70 nm of deposited Se. Thereafter the slope
of the curve increased very rapidly until complete selenization (85-90 nm of Se).

In polycrystalline silver films, however, aremarkable resistance change occurred already
at 20-30 nm of deposited selenium as seen in Fig 6.b. It was followed by a gradual
increase of the slope until about 70-75 nm of Se. Thereafter, the slope of the curve
decreased until compl ete selenization. The existence of the inflexion point isa
characteristic of the polycrystalline sample.

SIMULATION

Fig. X1 represents the measured resistance against the deposited Se thickness curves in case of single
crystalline (squares) and polycrystalline (circles) silver films.

X.NUMERICAL CALCULATIONS

A. Single-crystal Agfilms



According to TEM, the Ag-Se reaction occurs homogeniously in asingle crystal Ag film.
The front of the selenization (Agto Ag,Se interface) is ahorizontal plane that moves
downwards across the layer during selenization. A substituting electrical circuit of this
case can be two resistors coupled in parallel. Thefirst resistor represents the intact Ag
and the second one represents the Ag,Se that devel oped from the transformed volume of
Ag.

The electrical resistance draws up as a resultant of the two parallel resistances and can be
given analytically as a function of the transformed volume fraction (V, 0<V1<1):

R(V1)=RaRBs/[(1-VT)Re+(Ti/Tag)Ra VI,

where Ra istheresistance of theinitial Agfilm, Rg isthe resistance of an Ag,Se film of
identical dimensions, and T/Tagq IS the thickness ratio of the completely selenized film
and the initial Ag film. Considering the unit cell volumes (Ag=.... and bcc Ag2Se=....)
and the number of atomsin the unit cells(...... ), T/ Tag=1.83.

Fig. X1 represents the resistance of asingle crystalline silver film (rectangles) against the
transformed volume fraction (R(Vr)). The corresponding analytical curveis plotted with
continuous line. The theoretical formula describes well the measured curve in most parts
of the diagram, however, it underestimates the resistance in the range 0.8<V <1, and
gives ahigher gradient at Vt=1. This problem will be discussed in the next section.

B. Polycrystalline Ag films

Fig. X2 depicts the resistance of a polycrystalline Ag film (circles) plotted against the volume fraction (V1)
that transformed to Ag,Se.

Numerical calculations were taken to reproduce the resistance vs. transformed volume ratio curve in case of
the polycrystaline Ag films.

An equivalent electrical circuit can be numerous high- and low value resistors connected both in parallel
and serial.

Our model estimates that the initial films are built of identical cubes representing the Ag grains. The
selenization occurs identically in the cubes. Therefore, the whole film can be represented by a single unit
cube. The resistance of the entire film can be obtained by the multiplication with a constant factor. For the
sake of simplicity the thin Ag,Se layer formed at the substrate below the Ag film is neglected. The
selenization front is described by a time -evolving surface, suitably paraboloid. The paraboloidic surface
was suggested by the arch-shaped interface of the partly selenized films revealed by TEM.

Cartesian coordinates were used to formulate the phase boundary. For the simplicity of the calculation the
paraboloidic surface (reaction front) was moved upward along the y-axis, opposite to the direction of the
real propagation. The origin of the coordinate system was put to the center of the bottom face of the cube.
The equation of the phase boundary is:

t,X,2)=t[V+4(Vo-vq) (X +Z2)], -0.5<x,z<0.5; O<y<1;
S(t.X,2)=t[ Vi +A(vo-vy) (C+Z)] 0.5 0.5; O<y<1

where t is time, v; and v, are constant parameters describing the evolution of the paraboloid shape phase
boundary: v; describes the velocity of the vertical movement of the paraboloid, while v, is that of the
intersection of the wall of the cube and the paraboloid. Please notice that at v,=v, the model is equivalent to
the single-crystal case.

Since we are interested in the resistance as a funtion of V+ (not as a function of time), we can normalize
s(t,X,z) by v, so, the only free parameter of the model is v,/v;.

Using s(t,x,2), the selenized part of the unit cube (noted by B) is under s(t,x,z), and the remaining Ag part
(noted by A) is above s(t,x,z). With the resistivity of Ag (pa) and Ag,Se (pg) the resistivity inside the unit
cube can be written as



p(taxiy!z)zp/-\! If y>S(t,X,Z),
pe, if Y<s(t,x,2).

The voltage is measured on the z=-0.5 and z=0.5 faces of the cube, so, in case of a homogeneous cube, the
current would be parallel to the z axis in the whole volume.

The resistance of the whole unit cube was approximated as the following.

First, the resultant resistance of aline (parallel to the z axis) was cal culated:

0.5

Piine(t,X,y)= Ip(t, X, Y,2)dz,

-0.5
and these line-resistances were summarized as paralld resistors:

0.5

1
UR@®)= | dx|dy/ pine(t, X, )
0

-0.5

After this step V1 (afunction of t) was cal culated.

Findly, the thickening of the film by the incoming Se atoms was taken into account as a paralel coupled
layer on the unit cube. Considering that the fina thickness of the film (when V1=1) is 1.83 times higher
than the initial thickness:

0.5

1
UR(t)= j dxj dy/ pine(t, X, ) +0.83 Vr(t)/ps,
0

-05

In this approximation all the current componentsin x and y directions are neglected, so
this calculation underestimates the resistance in the presence of the bent phase boundary.
Both at the beginning and at the end of the curve the calculation becomes exact, due to
the absence of the phase boundary. The integrals were evaluated numerically on agrid of
one million spatia points.

The measured and calculated R(V 1) curves are shown in Fig. X2. Using vo/v;=1.5, the
theoretical curve fitswell to the measured curve at the beginning and at the end. Between
V1 =0.5-0.9, however, the calculation strongly underestimates the resistance to the
measured curve. It is attributed to the neglect of the currents parallel to thex and y
directions. It isto note that a similar under-estimation was found in Fig. X1. This
suggests that even in the case of asingle-crystal Ag film, the selenization front is not
completely planar, therefore the current lines are not perfectly parallel to the z-axis. This
deficiency of the front face is attributed to the imperfections of the single crystal film and
the presence of the film to electrical contacts interfaces.

The model, despite its overall simplicity, accounts for a further feature of the R(V1) curve
recorded on the polycrystalline film, namely, the inflexion point at V1~0.85. Such
inflexion point is related to the current linesin which Ag and Ag,Se are coupled in serial
and it existsin neither the measured nor the calculated curves of the single-crystal film.

4. DISCUSSION



The sticking coefficient of Ag on the different substrates

It isof interest that the thickness of single crystalline silver (670 nm ) and of
polycrystalline silver (745 nm) films were found remarkably different. Accordingly, the
Ag thickness on amorphous Si-oxide proved to be 11% higher than on the NaCl. Since,
the silver deposition onto the substrates and the subsequent TEM sample preparation took
place simultaneously, we can exclude different preparation conditions. The apparent
explanation is the different sticking coefficients of impinging Ag adatoms either on the
different (NaCl and SiO,) substrates and/or on the silver surfaces of different (100 and
random) orientations.

Reaction mechanisms

A mechanism was proposed by plan view TEM results of Safran et al [ ] for the
selenization of (100) silver films of thickness up to 30 nm. Based on of the present
experiments this reaction mechanism can be extended and interpreted for more general
cases including polycrystalline and thick (up to 800 nm) Ag films:

Reaction in the (100) single crystalline Ag film

The impinging selenium adatoms are supposed to react with the silver film at surface
defects (grain boundaries, emerging points of dislocations, surface steps etc.) and form
nuclei of the AgpSe phase. An example of the influence of the crystal defectsis

represented by Fig. 2.b in which an Ag,Se grain is formed right over adislocation in the
silver film. Asthe nuclel grow owing to the addition of new selenium adatoms alocal
deviation from stoichiometry occurs, giving rise to a continuous transport of silver atoms
to the growing selenide grains. Simultaneously, Kirkendall voids may form in the Ag
right at the surface. The Ag,Se grains grow mainly laterally until they coalescence at a
thickness of about 20 nm and form aflat, continuous layer on top of the Ag. Following to
this selenium impinging the surface diffuses across the selenide layer and reacts with Ag
at the Ag,Se-Ag interface. (One could speculate that Ag diffusesin the opposite
direction. That would result in Kirkendall voids below the interface, but no such voids
were found by XTEM.) At this stage the reaction occurs homogeniously. It maintains a
horizontal, planar Ag,Se-Ag interface that propagates across the sample until it arrives
the substrate i.e. the selenization will be completed. This mechanism resultsin plan-
paralel Ag,Se layers with smooth surfaces.

Reaction in the polycrystalline Ag film

In polycrystalline Ag films the reaction starts preferentialy at grain boundaries. Due to
the easy grain boundary diffusion the Se penetrates and Ag,Se phase forms faster at the
GB-sthan at the top of the grains. The inhomogenious Ag-Se reaction resultsin a
rounding of the Ag grains and an arch shaped Ag-Ag,Se interface.

Because of the preferred GB diffusion selenium moves quickly across the layer and
reacts with silver also at its substrate, so that an embedded Ag,Se layer is forming

between substrate and the Ag. As the selenization proceeds the arch shaped reaction front
propagates downwards until it reaches the embedded Ag,Se layer. At this stage the
compound surrounds the rest of the Ag grains, which finally, turnsto Ag,Se.

This mechanism resultsin an Ag,Se layer with a planar lower and a wavy upper surface.




It isworth to mention that, however, Seis mobile along the entire length of Ag grain
boundaries already at an early stage, it startsto react with Ag only at the upper and lower
ends of the GB-s. The increased volume of the formed Ag,Se compared to Agis assumed
to be areason. In athin layer, volume can increase relatively stress-freein vertical
directions (viathickening), while remarkable stress would devel op by horizonta volume
increase. Therefore, nucleation and growth of the Ag,Se phaseislesslikely at an inner
point of a GB line than at the ends. The mechanical stress due to the Ag,Se formation is
minimized this way.

Both the electrical measurements and the numerical cal culations supported the above
reaction mechanisms.

When selenizing single crystalline silver films (both in situ and in the model) a
remarkabl e resistance increase was revealed only at an evolved state of the selenization.
Apparently, most of the measuring current propagated through the intact, low resistance
silver until the un-reacted fraction of the silver film became extremely thin. After this
point avery rapid resistance increase occured.

The formation of an undulated interface in the polycrystalline silver resulted in an
increase of the electrical resistance even at an early stage of selenization. The slope of the
curve showed a moderate increase as the undulation evolved, however, as the rest of the
Ag grains was surrounded by Ag,Se and transformed to selenide, the slope of the
resistance curve decreased, i.e. an inflection point showed up both in the measured and in
the calculated curves.

The present model experiments were carried out on asingle pair of materials (Ag and

Se). The observed phenomena, however, are explained by general behaviours of materials
i.e. bulk and GB diffusion, role of crystal defects etc. Therefore, we suggest, that the
reaction mechanisms proposed above may be generalized to various two-component
systems that undergo a solid-vapour phase chemical reaction.
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5. CONCLUSIONS



The Ag,Se phase formation in silver films reacted with vacuum deposited sel enium was
studied by cross sectional TEM, in situ electrical measurements and numerical

calculations. The influences of the crystal defects of the parent Ag layers were revealed.
In (100) single crystalline silver the AgoSe phase starts to form typically at dislocations

and penetrates uniformly into the films. This mechanism builds up a horizontal, planar
interface between the metal and the compound, which propagates across the sample until
complete selenization. The resulting Ag.Se layer exhibits smooth upper and lower
surfaces. The electrical resistance calculation based on a parallel circuit substitution and
planar Ag-Ag,Se interface geometry describes well the measured sel enization curve. A
small deviation is explained by the marginal vertical components of current lines dueto a
not ideally planar interface.

In polycrystalline silver, the chemical reaction occurs preferentialy at the grain
boundaries, which resultsin an arch shaped interface of Ag and Ag,Se that moves
downward. This mechanism results in an Ag,Se layer with aplanar lower and awavy
upper surface. The sample can be substituted with a serial-parallél circuit and the
resistance calculations are based on a Ag-Ag,Se interface approached with an evolving
paraboloid. The calculated curve, in polycrystalline films, reproduces the measured one
with aremarkable deviation at the intermediate region. It is attributed to the momentous
vertical components of the measuring current lines due to the undulated Ag-Ag,Se
interface.
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FIGURE CAPTIONS

Soghat

Fig 2a (001) Ag film reacted ith 5nm (Se plan view)

Fig 2b (001) Ag film reacted with 5nm Se (cross section)
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Fig 3a partly selenized (001) Ag film
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Fig 3b partly selenized (001) Ag film (dark field)
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Fig 4b partly selenized polycrystalline Ag film (dark field)

Fig 5afully selenized polycrystalline Ag film
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Fig. . In situ measured resistance (Ohm) curve against the deposited Se thickness (nm) of
a“1’(100)single crystalline and “o” polycrystalline Ag film



