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The photograph on the cover is obtained in a trans
mission electron microscope and shows titaniumsili
cide crystals in an amorphous co-sputtered thin film. 
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Samenvatting 

Het verkleinen van de karakteristieke dimensies in een geïntegreerde scha
keling tot in het submicron gebied maakt het noodzakelijk nieuwe hit
tebestendige materialen met een zo laag mogelijke elektrische weerstand 
te ontwikkelen. Silicides, dat zijn chemische verbindingen tussen een (over
gangs)metaal en silicium, zijn veelbelovende materialen voor toepassing in 
een geïntegreerd circuit. De vormingsmechanismes en de eigenschappen van 
deze verbindingen zijn dan ook intensief bestudeerd gedurende het laatste 
decennium. Nog veel is echter onbekend of onverklaard in deze relatief 
recentelijk in de belangstelling gekomen verbindingen. 

In dit proefschrift worden de vormingsmechanismen en de elektrische 
eigenschappen van titaansilicide beschreven. Vrijwel zeker is titaandisili
cide (TiSb) een van de eerste silicides die op grote schaal toegepast zal 
worden in de halfgeleiderindustrie. In essentie zijn er twee methoden om 
een silicide stap in het bestaand fabrikageproces te implementeren: (i) een 
hittebehandeling van een gecodeponeerde (meestal amorfe) dunne film le
gering van Ti en Si wat tot kristallisatie leidt en (ii} een hittebehandeling 
van een dunne film Ti - Si diffusiekoppel, wat tot chemische interdiffusie 
van het Ti en het Si leidt. In de hoofdstukken 2 tot en met 4 wordt de 
vorming van een silicide volgens het eerste proces beschreven. In hoofdstuk 
5 wordt de tweede preparatiemethode behandeld. 

In hoofdstuk 2 starten we met de beschrijving van de kristallisatie van 
amorfe Ti - Si binaire legeringen, zoals deze bestudeerd kan worden door 
de amorfe dunne films te verhitten tot ongeveer 300 °C in een elektronen
microscoop. Met behulp van deze methode kan de kiemvorming en de groei 
van het kristallijne materiaal in de amorfe matrix gescheiden bestudeerd 
worden en wel tijdens het proces. Aangetoond is dat de kristallen kiemen 
volgens een toevalsproces met een constante snelheid. Voorts zal aange
toond worden dat de groeisnelheid constant is bij een bepaalde temper
atuur. Dit is te verwachten, aangezien geen atomaire diffusie over lange af
standen nodig is; het Ti en Si was immers gecodeponeerd in dezelfde dunne 
film legering. In het gekristalliseerde materiaal blijken wel zeer veel kristal
fouten aanwezig te zijn. Het karakter van deze zogenaamde stapelfouten is 
in wat meer detail geanalyseerd. 
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Dit soort kristalfouten is niet gewenst in een silicide daar 1.e de elek
trische weerstand van het materiaal zullen verhogen. In hoofdstuk 3 gl:Lar1 
we daarom in op de invloed van kristalfouten op de elektrische weerstl:Lnd. 
Daartoe wordt de weerstand van een gecodeponeerde dunne film gemeten 
gedurende de relevante reacties. Met behulp van deze methode waren er 
duidelijk drie reactiestadia te herkennen: (i} de kiemvorming en groei van 
de zogenaamde C49 TiSi2 fa.<Je bij een teruperatuur van ongeveer 300 oe 
zoals ook in hoofdst.uk 2 wordt beschreven; (ii) een voorheen nog niet 
geïdentificeerde precipitatiereactie in het temperatuur gebied van 300 tot 
750 "C en (iii} een polymorfe fasetransformatie van de e49 fase naar de 
zogena~;tmde C54 fase bij ongeveer 800 oe. 

Gedurende een t.ypische hittebehandeling van het TiSi2 is er een grot.e 
maar vrij geleidelijke weerstandsafname waar te nemen gedurende de pre
cipitatiereactie. Voor een gedeelte kon deze weerstandsafname verklaard 
worden uit een afname van de dichtheid van de genoemde stapelfouLen. 
Voor de eerste maal is er aangetoond dat het faseveld van de e49 TiSb 
fase een behoorlijke breedte bezit. Hieruit kon geconcludeerd worden dat 
een afname in het aantal puntdefecten, veroorzaakt door stoichiometrie-af
wijkingen, het andere gedeelte van de weerstandsafname moest verklaren. 
Van groot technologisch belang is ook de transformatie naar de C54 fase. 
Het blijkt dat gedurende der.e faseovergang vrijwel alle defecten geëlimi
neerd worden, ~~;odat uiteindelijk een materiaal met een reproduceerbare en 
lage kamertemperatuur-weerstand ontstaat. 

De kinetiek van de verschillende fasetransformaties zoals beschreven 
in de vorige hoofdstukken kan heel gemakkelijk gemeten worden met be
hulp van een weerstandsmeting tijdens de hittebehandeling. De informatie 
die we zo kuJtnen krijgen zegt alleen iets over de totale reactie omdat de 
som van de invloed van vele groeiende kristallen op de weerstand gemet,en 
wordt. Dit maakt dat de interpretatie van dit soort metingen met enige 
omzichtigheid moet geschieden. Hieraan wordt aandacht be~t:eed in hoofd
stuk 4. Het blijkt dat de twee fasetransformaties, amorf- e49 en C49 · C54, 
zeer goed beschreven worden met de zogenaamde .Johnson~Mehl-Avrami 
vergelijking en een constante kiemvormingssnelheid en groeisnelhcid. De 
activeringsenergie voor de e49- e54 faseovergang is extreem groot, waaruit 
geconcludeerd kon worden dat de kiemvorming van deze fase waarschijnlijk 
moeilijk plaatsvindt 

Met behulp van de weer!ltandsmetingen kan ook de kristallisaLietem
peratuur als functie van de samenstelling van de laag bepaald wenden. 
Amorfe Ti • Si legeringen met een Si gehalte tussen 20 en 60 aLoom % 
kri~>talliseren pas bij vrij hoge temperatuur: ongeveer 500 °e. Deze t,em
peratuur is hoger dan die welke nodig is om een aanzienlijke interactie in een 
Ti- Si diffusiekoppel te doen plaatsvinden (zie verder). Het is dan ook niet 
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verwonderlijk dat het eerste reactieproduct in een Ti • Si diffusiekoppel een 
amorfe fase is. Er is door ons ook een merkwaardig minimum in de kristal
lisatietemperatuur gevonden voor legeringen met een compo!;!itie dicht bij 
die van TiSb. Waardes tot 270 oe zijn gemeten. Deze verschijnselen zijn 
bediscus:oieerd aa.n de hand van bestaande modellen voor de kristallisatie 
van amorfe legeringen. 

In hoofdstuk 5 tenslotte behandelen we de reacties tussen discrete Si 
en Ti lagen. Er is nu lange afstands-diffusie nodig om een aanzienlijke 
hoeveelheid silicide te vormen. Er wordt begonnen met een overzicht van 
de literatuur. Uit dit overzicht volgt een aantal zeer in het oog springende 
dubbelzinnigheden. Bijvoorbeeld, er worden verschillen gerapporteerd in de 
reactie van Ti met kristallijn en die met amorf Si waarvoor een afdoende 
verklaring nog ontbreekt. Het is zelfs zo dat een gedetailleerde studie naar 
de kinetiek van de faseformatie in Ti - kristallijn Si diffusiekoppels nog 
ontbreekt, waarschijnlijk vanwege reproduceerbaarheidsproblemen. 

De verschillende reacties tussen Ti en kristallijn Si en die met amorf 
Si worden bestudeerd met Auger elektronenspectroscopie, Rutherford He
ionenterugstrooiing en cross-sectie transmissie elektronenmicroscopie. Bij 
lage temperaturen (:S: 475°0) blijkt er weinig of geen verschil te bespeuren 
in de reacties van een Ti laag met amorf of die met kristallijn Si. In beide 
gevallen wordt er een metastabiele amorfe fase gevonnd, bestaande uit 
ongeveer even grote hoeveelheden Ti en Si. Verschillen treden pas op na 
reactie bij ongeveer 500 "C. Op het amorfe Si kiemt nu heel duidelijk de 
049 TiSb fase terwijl dit op kristallijn Si zeker niet gebeurt. Hoogst
waarschijnlijk is daar kristallijn monosilicide 3a.nwezig. De kiemvorminga
moeilijkheden van het disilicide uit het monosilicide op een kristallijn sub
straat schrijven we toe aan de zeer grote bijdrage van de kristallisatiewarmte 
va.n amorf Si aan de totale reactiewarmte. 

De hierboven beschreven kiemvormingsmoeilijkheden komen ook tot 
uiting in het gedrag van Ti - kristallijn Si diffusiekoppels bij de iets hogere 
groeitempei."aturen (550 <>c tot 700 "0) welke in de fabrikage normaal ge
bruikt worden. In dit temperatuur gebied kon de reactie gescheiden worden 
in een gedeelte waar de kiemvorming van TiSb een dominante rol speelt 
en een gedeelte waar alleen diffusie door de silicidefase belangrijk is. Dit. 
laatste stuk blijkt !!;eer reproduceerbaar. Het eerste, door kiemvorming 
gedomineerde, stuk van de reactie is zeer gevoelig voor allerlei nauwe· 
lijks controleerbare parameters. Er wordt aannemelijk gemaakt dat de 
gerapporteerde reproduceerbaarheidsproblemen van de Ti • Si reactie hun 
oorsprong voornamelijk vinden in de kiemvormingsmoeilijkheden van de 
disilicide-fase. 

De bedoeling van dit onderzoek was om een bijdrage te leveren aan de 
kennis van Ti~silicides en de reacties in het Ti- Si systeem. Vanuit techno· 
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logisch standpunt is een van de meest belangrijke vindingen het overheersen 
van kiemvormingsverschijnselen in diverse stadia van de reactie. Zowel in 
de vorming van TiSi2 op een kristallijn Si substraat als in de vorming van de 
C54 fase uit de C49 fase blijkt kiemvorming een belangrijke rol te spelen. 
Deze kennis kan leiden tot een andere benadering van enkele technologi
sche problemen. Vanuit wetenschappelijke standpunt lijkt het zinvol om 
de kristallisatiereacties in amorfe gecodeponeerde silicides systematischer 
aan te pakken. Een interessant verschijnsel is bijvoorbeeld de grote afname 
in de kristallisatietemperatuur dichtbij de kompositie van het disilicide. 
Aangezien we ook het voorkomen van een vaste stof amorfisatiereactie in 
het Ti - Si systeem hebben aangetoond, zal meer gedetailleerde kennis van 
kristallisatiereacties mogelijk leiden tot een beter begrip van metaal - Si 
reacties in het algemeen. 
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Chapter 1 

General Introduetion 

1.1 Silicides in Integrated Circuits 

The continuous increase in packing density and minimum feature size in 
bipolar and Metal Oxide Semiconductor (MOS) integrated circuits leads to 
an increase in the switching speed of the transistors [Gar83,Bac84]. Simul
taneously however, the delay of signal propagation through the intercon
neetion increases due to the increase in length (larger circuit complexity 
and size) [Sin82,Sar82] and due to the increase of interconneet resistance 
and specific capacitance (thinner layers, smaller lateral size). These oppos
ing influences on the device access or switching time eventually lead to a 
so-called interconnection limited circuit [ Gar83]. 

Since the early 1970's doped polycrystalline silicon is used as a high 
temperature resistant gate electrode and gate level interconneet in MOS 
devices. It has several advantages over pure metal gates which were used in 
the first MOS devices: it is stabie to the vulnerable Si02 gate dielectricum, 
it can easily be deposited by chemica! vapour deposition techniques, and 
it can be oxidized to yield an excellent insulating dielectric. The major 
drawback of polycrystalline Si is its high resistivity (500 - 1000 1-LDcm), 
and the associated large signal propagation delay times. 

An MOS device not only degrades in performance with downsealing 
because of increasing interconnection related delay times, but also because 
of increasing device series resistances. This series resistance is composed of 
two major contributions: the contact resistance ofthe metal-semiconductor 
cantacts in the souree and drain, and the sheet resistance of the souree and 
drain regions [Ng 87]. The contact resistance scales approximately with the 
inverse square of the contact area which leads to unacceptably high contact 
resistances for contact hole sizes in the micrometer regime. Moreover, as 
junction deptbs have to be scaled down in conjunction with the lateral sizes 
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in order to rnaintaio acceptable device characteristics, the sheet resistance 
of the shallow doped regions in the souree and drain areas of the transistor 
becomes unacceptably high. 

Bath of the above mentioned problems require new, high temperature 
resistant, contact and interconneet materials with a lower resistivity than 
that of doped Si. In the late 1970's and 1980's the application of silicides, 
i.e. compounds between a (transition) metal and silicon, has been proposed 
to alleviate the problems associated with downsealing and increasing com
plexity of integrated circuits. In order to decrease gate signal propagation 
delay, silicides may be applied directly as a gate electrode [Moc78] or, if 
it is desired to preserve the favourable Si/Si02 interface properties, as a 
polycide (from polycrystalline Si and silicide, a silicide used as an electrical 
shunt on top of the high resistivity polycrystalline Si gate) [Cro79,Cho83] . 
A decrease in transistor series resistance may be reached with the applica
tion of a silicide in the contact hole. In order to cover the entire contact 
hole with silicide and to avoid an additional and expensive lithograpbic 
step the salicide technology (from self aligned silicide) [Shi81,Tin82] has 
become quite popular. 

Practically all transition metals farm silicides when they are allowed to 
react with Si [Mur83,0tt84]. Every single metal in turn may farm several 
silicides with different stoichiometries. For example in the Ti - Si system the 
existence of the stoichiometrie compounds Ti3Si, Ti5Si3, TiSi, Ti5Si4 and 
TiSi2 is reported [Mas87]. The diversity in silicides is still larger because 
a particular stoichiometrie compound may crystallize in different crystal 
structures, for example the two polytypes of TiSi2 (see further). In view 
of the point that the supply of Si is practically unlimited in a Si- based 
device, the most Si-rich silicides will be the thermodynamically stabie ones. 
Thus for most metals, primarily the disilicides need consideration for their 
application in Si-based devices. 

The primary criterion to choose a particular silicide is that it should 
have a resistivity as low as possible. Other important criteria depend 
somewhat on the specific application. In a polycide technology one de
sires plasma etchability, good adhesion to polycrystalline Si, good high 
temperature stability and ability to farm a dielectric by oxidation. The 
disilicides of Mo [Fuk84J, W [Cro79], Ta [Mur80a] and Ti [Mur80,Mur80a] 
are considered to be the most viabie alternatives in a polycide technology. 
The resistivities of the above silicides are in the range of 15 to 80 J.L0cm 
[Mur83,Nic83], which is an order of magnitude lower than the resistivity of 
doped polycrystalline Si. 

The criteria for choosing a silicide for a salicide technology include ease 
of forming a smooth silicide by thermal reaction with crystalline Si, exis
tence of a selective metal etch, good thermal stability and minimal lateral 
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overgrowth over oxide regions. From the silicides which are candidates in a 
salicide process TiSi2 [Tin82,Lau82,Mur80a] and CoSi2 [Hov88,Mor87] has 
the lowest resistivity (about 15 J.L0cm [Mur83,Nic83]), although silicidesof 
other (near noble) transition metals are also reported to be used fora sali
cide process in integrated circuit technology [Tin84,Shi81]. The position 
of TiSi2 as the first candidate for a self aligned process is now firmly es
tablished [Hov88,Mor87,Alp85] however. Since TiSh is a material which in 
principle can be used in bath a salicide and a polycide technology, a study 
on nucleation and growth of silicides in the Ti - Si system, and electrical 
properties of the formed titanium silicides seems appropiate. 

1.2 Silicide Preparation Methods 

In practice several methods are used to prepare a silicide thin film. The 
most common methods to arrive at a low resistivity, crystalline silicide thin 
film are: (i) the (re )-crystallization of an amorphous or microcrystalline co
deposited thin film of roetal and silicon of the desired composition; (ii) a 
solid state reaction of a roetal thin film on silicon ( amorphous, poly-, or 
monocrystalline) and (iii) chemica! vapour deposition. 

The first methad is for example used in the polycide technology and may 
also be used to create a short range interconneet [Cro79,Mur80a,Fuk84] 
4 [Cho83,Mur80]. The roetal - silicon alloy may be deposited by evapora
tion or sputtering from two independent sourees or alternatively, sputtering 
from a compound target of the appropiate composition. The as-deposited 
alloy thin film is usually amorphous or microcrystalline and has a high re
sistivity. By an anneal treatment at temperatures between a bout 0.2 Tm to 
about 0.5 Tm (where Tm is the melting temperature of the silicide) [Cho83] 
the alloy (re )-crystallizes to a crystalline silicide ha ving the desired low 
resistivity. Mechanistic reaction steps which are important during such 
a crystallization process are: (i) the nucleation of crystalline material in 
the amorphous matrix; (ii) the subsequent growth of these crystalline nu
clei and (iii} phase transformations, grain growth and precipitation in the 
crystallized thin film. Since an intimate mixture of roetal and Si is ob
tained in co-deposited samples, no macroscopie concentration gradients are 
required and long range ditfusion is not an important transport mechanism 
in steps (i) and (ii). In chapters 2, 3 and 4 of this thesis the crystallization 
of such amorphous roetal - silicon alloy thin films is described. 

The second preparation method, i.e. reacting a discrete roetal thin film 
with Si, is applied in the salicide technology to farm a silicided contact 
(or gate) [Shi81,Lau82,Alp85,Tin82,Mur80a]. For that purpose a roetal 
layer is deposited on an appropiately cleaned Si substrate or a polycrys-
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talline Si layer by sputtering, evaporation or chemica! vapour deposition . 
The as-deposited metal layer is usually polycrystalline. The diffusion cou
ple is next reacted at temperatures of about 0.3 Tm to about 0 .5 Tm 
[Gur77,Heu86,Mur83,Heu82] to convert the metal layer into silicide. Re
cently, the Ti - salicide technology was also combined with a technique to 
create short interconneet stripes over oxide regions ('straps') in the same 
salicidation process sequence [Jon87,Won87,Hou88] . In that case an addi
tional Si layer is sputter-deposited on the Ti layer. The as-deposited Si 
layer is usually amorphous. Thus the important solid state reactions to 
be stuclied are the reaction of a discrete Ti layer with crystalline Si and 
the reaction of Ti with amorphous Si. We note here that pronounced dif
ferences in reaction rate and mechanism have been reported for these two 
reactions [Hun83,Lin86J, and that the exact reason for these differences is 
still a matter of dispute. An important reaction step in thin film ditfusion 
couples is the nucleation of the first compound phase at the Ti - Si inter
face. In contrast to the previously introduced case of a co-deposited alloy, 
where an intimate mixture of metal and Si atoms is already present in the 
as-deposited case, the spatial separation of Ti and Si in discrete layers now 
requires long range ditfusion as a necessary transport process. In chapter 5 
of this thesis the reactions of Ti with two structurally different crystalline 
farms of Si (monocrystalline and amorphous) will be described. 

A very trendy technique of creating a silicide is chemica! vapour de
position of WSi2 from a WF 6 - SiH4 mixture [Wel87]. Th is technology is 
competitive to the salicide technology in that the silicide may be formed 
selectively on Si. However the technique is still in its infancy and, although 
promising, it will require more time to incorporate it in the established 
process flow. This silicide preparation method wil] not be discussed further 
in this thesis. 

1.3 Objectives and Outline 

We will start out with the presentation of a study which describes the crys
tallization processof amorphous Ti - Si alloys as observed in a transmission 
electron microscope. For that purpose, samples wil! be heated within the 
electron microscope so that they can be observed simultaneously. This 
technique offers the possibility to distinguish between the nucleation stage , 
the growth of separate nuclei and subsequent precipitation reactions. The 
velocity of the crystallization front and the nucleation rate can in princi
ple be determined quantitatively from electron microscopy. Such kinetic 
parameters are useful if the time and temperature of the annealing step 
to crystallize the amorphous alloy are to be estimated. The measured nu-
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cleation and growth rate can be compared with rates which are calculated 
from simple models for the crystallization reactions. The operational crys
tallization mechanisms and the growth morpbologies of crystallites will be 
correlated with, for example, the composition of the starting materiaL 

As was outlined in the first sections of this introduction, one of the 
most important properties of a silicide is its resistivity. Many investigators 
have emphasized the importance of structural defects on the resistivity of 
a particular silicide. Of course the density and nature of these defects, and 
consequently the resistivity, is dependent on the preparation conditions of 
the silicide thin film. TiSi2 in its C49 (ZrSi2) polytype (see further) is usu
ally highly defective and has a very high (defect related) residu al resistivity. 
Therefore a study of the resistivity and defect behaviour of the crystalline 
silicide as a function of the anneal treatment is useful. From such a study 
will be reported in chapter 3. In that chapter the nature and the density of 
these defects will be determined with ( amongst other techniques) electron 
microscopy. Measured defect densities will be correlated with electrical 
parameters like the resistivity and the Hall effect . 

Several processes play a role before the desired low resistivity C54 TiSi2 
phase is obtained from for example a co-deposited alloy. These different 
processes will be identified in chapter 3 with the aid of direct measurements 
of the resitivity during the anneal treatment {in-situ resistivity measure
ments), electron microscopy and X-ray diffraction. 

lt is of scientific and technologkal interest to determine the kinetics of 
the phase transformations in the Ti - Si system. Usually solid state phase 
transformations are associated with appreciable resistivity changes. Thus 
it should be possible to analyze the kinetica of such a phase transformation 
in the solid state by measuring the resistivity during the reaction . 

In chapter 4 a detailed study on the kinetica of the different processes 
occurring during the formation of low resistivity TiSi2 from a co-deposited 
alloy will be described. The interpretation of such measurements of the 
overall kinetics is not as straight forward as the interpretation of the in-situ 
electron microscopy work described in chapter 2. This is mainly so because 
the measurement of a single macroscopie parameter as the resistivity does 
not relate uniquely toa particular kinetic parameter, for example a fraction 
of transformed materiaL Particular attention wiJl be paid to the problem 
of interpretation of the resistivity measurements. If care is exercized in 
the interpretation of the measurements we estimate that the kinetica! pa
rameters which will be derived from such in-situ resistivity measurements 
will significantly increase our knowledge on the kinetica of processes in the 
Ti - Si system. 

Moreover, the relatively fast and simple measurement of resistivity dur
ing an anneal treatment allows one to do many measurements in a relatively 
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short time. The crystallization temperature of such amorphous metal- Si 
alloy thin films is for example a parameter which can be measured in such a 
way. In order to arrive at a more complete picture of the crystallization of 
Ti- Si alloys, the crystallization temperatures for different alloys with com
positions ranging from very Si-rich to moderately Ti-rich were determined 
and discussed in terms of existing rnadeis for crystallization kinetica. 

Finally our attention will be turned to the reactions in Ti - Si ditfu
sion couples in chapter 5. The silicidation reactions now require long range 
ditfusion because of the spatial separation of the Ti and Si atoms. The 
reactions of Ti with amorphous Si and crystalline Si will bath be investi
gated. A considerable amount of work on the reactions in Ti - Si ditfusion 
couples has already been published. Therefore it seems appropiate to start 
out with a review of the relevant literature. This review led to many am
biguities and questions which never have been solved in detail in many 
silicides, and especially nat in Ti-silicides. The main objectives of the re
search described in chapter 5 is to resolve these ambiguities. For the first 
time we will demonstrate the importance of nucleation phenomena in the 
reaction of Ti with crystalline Si. Moreover it will be shown that in Ti - Si 
ditfusion couples a metastable amorphous phase may be grown. The ex
istence of such an amorphous reacted layer in the Ti - Si system provides 
a link between the crystallization studies described in chapters 2 to 4 and 
the reactions in ditfusion couples described in chapter 5. 

1.4 Structure of Titanium Silicides 

This thesis deals with the silicidesof Ti and the kinetica of their formation. 
However, many effects which are identified and investigated here for the 
Ti - Si system can at least qualitatively be transposed to other silicide 
forming systems and in particular to the systems of Si with Hf and Zr. The 
purpose of the present part of the introduetion is to give a short impression 
on some general structural and chemical properties of silicides and more 
specifically the silicidesof the group IV-A elements (Ti, Zr and HF). 

Fig. 1.1 records the phase diagramsof the Ti- Si system and the Zr- Si 
system [Mas87]. The phase diagram of the Hf - Si system is very much 
like that of the Zr - Si system and has been omitted here. In the Ti - Si 
phase diagram the intermetallic phases Ti3Si, TisSi3, TiSi, TisSi4 and TiSi2 
are found. In the Zr - Si system some additional intermetallic phases are 
present in the central part of the diagram, but the shape of the solidus 
is very similar in bath diagrams. Let us consider now the silicides with 
stoichiometry of MsSi3, M5Si4, MSi and MSi2 for M = Hf,Zr and Ti. In 
the three mentioned systems the M5Si3, MsSi4 and MSi phases crystallize 
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Fig. 1.1. Binary phase diagrams of the Ti- Si system (bottom) and the Zr - Si 
system (top) . Note the similarity of both diagrams, especially on the Si-rich (left) 
side. 
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(a) (b) 

Fig. 1.2. (a) Structure of planar stoichiometrie building layers of typ ie al refractory 

metal disilicides; (b) non-planar building blocks of the 049 disilicide phase; + and 

- denote atoms above and below the plane of the page respectively. Filled and 

open circles correspond to Ti and Si atoms respectively. 

in the same crystal structure. (M5Sis has the DBa or Mn5Si3 structure, 
M5Si4 has the ZrsSi4 structure and MSi has the B27 or FeB structure 
[Mas87,Now54a].) In the Hf and Zr system the disilicide crystallizes in the 
C49 (ZrSi2) structure, and the disilicide in the Ti - Si system crystallizes 
in a slightly different structure in equilibrium: the C54 (TiSi2) structure 
[Mas87,Lav39]. However, it has recently been shown [Bey85,Hou86] that 
TiSi2 exhibita polytypism. At low temperatures ( < 600°C) it appeared that 
TiSi2 crystallizes in the C49 structure too, i.e. the same structure as that 
of HfSi2 and ZrSh. Moreover, small amounts of contaminants may stabilize 
TiSi2 in the C49 structure. For example, Cotter et al. [Cot56] prepared an 
apparently stabie but Al contaminated [Bru61] form of the C49 TiSi2 phase 
by aluminothermic reduction. Thus the structural analogy in the Hf, Zr and 
Ti systems is quite convincing if it is considered that TiSi2 may crystallize 
in a C49 structure. After an anneal at higher temperatures ( > 700 °C) the 
C49 phase recrystallizes to the C54 equilibrium phase. Since it was not 
possible until now to induce the reverse transition [Hou86,Bey85] the C49 
TiSi2 phase is suspected to he metastable. With the present information 
however, it might as well he a low teinperature modification of the C54 
TiSi2 structure. 

The structure of most refractory metal silicides is conveniently de
scribed by a stacking of fundamental building layers of a close packed 
hexagonal structure (see Fig. 1.2) and of the correct 1/2 stoichiometry 
[Heu82,Now54a]. A layer consists of metal atoms, each surrounded by 6 
Si atoms within the plane. Sequentia! layers are stacked on the positions 
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B,C and D indicated in Fig. 1.2a. Dependent on the stacking sequence the 
structures of the tetragonal MoSi2 type (ABAB ... stacking), the hexagonal 
CrSi2 type (ABCABC ... stacking) or orthorombic (but nearly hexagonal) 
TiSi2 type (ABCD .. . stacking) are obtained. The C54 TiSi2 structure is 
orthorombic because the stoichiometrie plane needs to be distorted a little 
bit in order to aceomadate the large Ti atom. 

This distartion is continued much more heavily in the C49 ZrSi2 struc
ture [Sch54], where the metal atom is so large that it can not be accomo
dated at all by the Si network. As a consequence the planar Si network 
must buckle up to form the non-planar building blocks of Fig. 1.2b. In the 
C49 ZrSi2 structure stoichiometrie layers are less easily recognized because 
of the non-planar structure of the building block, rather, non-stoichiometrie 
layers consisting of pure Si and layers consisting of both met al and Si atoms 
can be distinguished. (This will be treated in more detail in chapter 2.) 

The structure of the disilicides of the refractory metals thus evolves from 
the hexagonal/tetragonal structures in which the rather small metal atoms 
are readily accomodated by the Si network, all the way to the orthorombic 
C49 ZrSh structure where the metal atom is much too large to fit into the 
Si network . Consiclering the radii of the refractory metal atoms [Gol67] one 
anticipates that Ti accupies an intermediate position in the above sequence. 
Then it is not surprising that TiSi2 shows polytypism, at low temperatures 
forming the C49 phase as a precursor to the C54 phase. 

The C49 and C54 phases are quite similar from a chemica! point of view. 
The rnalar volume of TiSi2 in the C54 structure is equal to that in the C49 
structure: 42.4 * 10-3 nm3 [Lav39,Hou86] . In both structures all Ti atoms 
occupy equivalent positions and show a similar ten-fold coordination of Si
atoms. The Ti - Si atomie distance in the C49 structure varies between 
0.256 nm and 0.279 nm with an average value of 0.266 nm [Vau55,Sch54]. In 
the C54 structure the Ti- Si interatomie distance is between 0.254 nm and 
0.275 nm with a similar average value of 0.267 nm [Lav39]. The similarities 
between the C54 and C49 structure are further substantiated by the fact 
that ZrSi2 ( C49 structure) dissolves upto 60 % of TiSi2 ( C54 structure) 
whereby the planar building layers of TiSi2 readily transfarm to the buckled 
building blocks of the C49 structure [Now54b]. 

To summarize, it is argued that the Hf, Zr and Ti - Si systems show 
many st.ructural and chemica! similarities. This means that many of the 
present findings for the Ti - Si system may carefully be applied to the Hf and 
Zr - Si systems too, at least in a qualitative way. On the basis of a review of 
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the structure of the refractory metal disilicides and the intermediate size of 
the Ti atom it seems quite logica} that TiSi2 crystallizes in two polytypes: 
the C49 or ZrSi2 structure (in which the analogons Hf and Zr crystallize 
too), and the C54 or TiSi2 structure. It is considered that the chemica} 
differences between the two polytypes are small. 
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Chapter 2 

Crystallization of Ti - Si 
Alloys Stuclied by In-Situ 
Annealing in an Electron 
Microscope 

2.1 Introduetion 

13 

The formation mechanism of refractory or near-noble metal silicides has 
recently received considerable attention [Mur83,Heu86] . Whereas there 
have been numerous studies on first phase nucleation [Wal76,Ben87] and 
growth mechanisms or growth kinetics [Heu86] by techniques such as x-ray 
diffraction (XRD), Rutherford backscattering speetrometry (RBS) , Auger 
electron spectroscopy (AES) and transmission electron microscopy (TEM), 
only a few papers have been published on the formation of silicides stuclied 
by in-situ annealing in a TEM [Wei86,Kem82]. This technique, however, 
offers a unique possibility to follow the growth of the silicide in real time 
and to distinguish between (i) the nucleation stage, (ii) the subsequent 
growth of the nuclei, and (iii) possible recrystallization or precipitation 
phenomena. 

We have started with a study on the crystallization of amorphous Ti - Si 
alloy thin films with compositions in the range Ti/Si= 1/1 toTi/Si = 1/3. 
This range includes the technologically important composition of the di
silicide. The crystallization phenomena were investigated by annealing the 
samples in-situ in a transmission electron microscope. Kinetic parameters 
like the crystallization temperature, the velocity of the crystallization front 
(or the 'growth rate') and the nucleation rate can be determined quantita
tively by simple measurements from electron microscopy micrographs. To 
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explain the observed magnitudes of kinetic parameters semiquantitatively, 
they will be compared with values derived from simple models. 

Th ere are ample indications from literature [But84,Her83,Hol87 ,Raa88a] 
that in the initia} reaction of Ti layers with silicon, the first metastable 
phase formed is an amorphous alloy with a composition close to that of the 
lowest eutectic [Wal76] or to that of the mono-silicide [Raa88b,Hol87] (see 
also chapter 5) . Therefore, both of the above mentioned and technologically 
relevant silicide preparatien methods must include the same reaction step, 
i.e. the crystallization of an amorphous silicide. Thus, it is expected that a 
study on the crystallization behaviour of amorphous silicides will nat only 
yield information on the nucleation and growth of silicide crystals in an 
amorphous metal- Si matrix, but will also supply more general knowledge 
on silicide growth. 

As was introduced in chapter 1, the formation of TiSi2 in its equilib
rium C54 (TiSi2) [Lav39] crystal structure is preceeded [Hou86,Bey85] by 
the formation of TiSi2 in the C49 (ZrSi2) [Cot56] crystal structure. The 
final phase transformation to the low resistivity C54 TiSi2 structure occurs 
at fairly high temperatures ( above a bout 700 °C) [Hou86,Hou87 ,Bey85] . 
We could nat reach these specimen temperatures routinely in the electron 
microscope, so this chapter presents results on the crystallization of amor
phous thin films to C49 TiSi2 thin films. The C49 to C54 recrystallization 
process wil! be treated later in chapter 4. 

The results reported in this study are obtained from thin-film samples. 
Therefore, results cannot be applied immediately to bulk samples (like for 
example melt spun orball rolled amorphous alloys) . 

2.2 Experimental 

The structure of the specimens used for the in-situ annealing experiments 
in the transmission electron microscope (TEM) is depicted in Fig. 2.1. Si 
wafers were processed to yield amorphous SigN4 membranes, supported by 
Si [Jac86]. The size of the membranes was 50 J.Lm x 50 J.Lm, the thickness 
was approximately 30 nm. On these wafers a stack of approximately 400 al
ternating layers of Ti and Si, up to a total thickness of about 200 nm, was 
deposited in a Perkin-Elmer '2400' RF-diode sputter-deposition system. 
Befare deposition the residual gas pressure was 5 * 10-5 Pa. The argon 
pressure during deposition was 0. 7 Pa. The substrate was nat intentionally 
heated befare or during deposition, the estimated temperature during de
position did not exceed 60 °C. Since the Si3N4 membranes and thin films 
to be stuclied are transparent to 100 keV electrons, the specimens can be 
observed in the electron microscope without further processing. Through-
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Fig. 2.1. Structure of the samples used in the present investigation. The sili

cide layer to he stuclied (thickness about 200 nm) and the central window are 

transparent to the 100 ke V electrons. 

out all experiments, one surface of the thin film was in contact with the 
Si3N4 membrane. 

The composition of the thin films was derived from Rutherford backscat
tering speetrometry (RBS). In addition some samples were analyzed with 
Auger electron spectroscopy (AES) combined with sputter-depth profiling 
(Ar+, 3keV ion bombardment) in a Perkin Elmer PHI 600 scanning Auger 
microprobe. 

The growth experiments were performed in a Philips EM300 electron 
microscope, equipped with a tungsten filament heated hot stage and ther
mocouple. It was found that the effect of the electron beam was to increase 
the growth speed and nucleation rate in the observed area. We determined 
a correction for this effect by camparing measured growth speeds (see fur
ther) with and without electron beam irradiation. In the latter case, the 
electron beam was only switched on for a reletively short period of time 
when a micrograph was made. If the electron beam has a thermal effect 
only, it was determined that the correction was equivalenttoa temperature 
rise of the observed area of (35 ± 5) oe above the thermocouple tempera
ture in the range of (250 oe - 450 oe). In practice it is very inconvenient 
to switch the beam off between exposures, and it was decided to perform 
all experiments with the beam permanently switched on. eonsequently all 
reported temperatures have been corrected for the effect of the electron 
beam. 

A typical experiment to measure the growth rate of a crystal in the 
matrix was performed by heating the sample until the first nuclei were visi
ble. When enough nuclei were present, the temperature was reduced to the 
desired value. After temperature equilibrium was reached, a series of micro-
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graphs at fixed time intervals (of the order of minutes) were made. Each 
micrograph showed several separate crystals from which the growth rate 
could be determined simultaneously. To avoid erroneous results all growth 
measurements were performed on crystals which were well separated from 
neighboring crystalline regions so that the growth rate remained unaffected 
by interference from other crystals. 

The nucleation rate was estimated by counting the number of nuclei 
nucleated in unit area and unit time. 

More detailed structural investigations were performed ex-situ in a Phi
lips EM400 microscope operatingat 120 kV. This microscope was equipped 
with an electron microprobe. 

2.3 Results and Discussions 

2.3.1 General 

The chemica! composition and thickness of the as-deposited layers were 
derived from RBS measurements (Table 2.1). An estimate for the geo
metrical thickness of the samples was calculated with the assumption that 
the rnalar volume of Ti equals its bulk value (V?:,_i = 18 * 10-24 cm3 ) 

and that the rnalar volume of Si equals its 'metallic' or 'silicide' value 
(V~ = 12 * 10-24 cm3). In the Si-richest samples some argon was in
corporated during the sputter-deposition process ( about 3 at. % maximum 
for the most Si-rich sample). No significant levels of other impurities were 
found in the as-deposited or annealed samples with Rutherford backscatter
ing speetrometry (RBS) or Auger electron spectroscopy (AES) (detection 
limit about 0.5 at. % for 0 and C). In the remainder of this chapter samples 
will be referred to by their entry in Table 2 .1. 

Sample Composition Thickness Thickness 
(estimate) 

(Til-:z:Si:z:) (es;) (1016 atoms/cm2) (nm) 
aTi4sSiss 0.55 140 ± 7 210 :t 10 
aTis1Si69 0.69 138 ± 7 190 ± 10 
aTizgSin 0.71 124 + 6 170 ± 10 
aTi23Sin 0.77 126 + 6 170 + 10 

Table 2.1: The thicknesses and composition of the amorphous alloy thin films as 

measured with RBS. The geometrical thickness in the last column is calculated 
from the RBS result . lt can be used as a rough estimate only. 
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Fig. 2.2. The as-deposited 

Ti31 Si69 sample. (a) selective 

area diffraction pattern; (b) 
bright field micrograph. The 
arrow corresponds to a length 

of 1 fJ-ffi. (The contrast in the 

bright field micrograph is a 

little dust partiele only used 

for focussing the microscope.) 

The structure of an as-deposited sample Ti31Si69 is revealed in Fig. 2.2. 
Selective area electron diffraction (SAD) in the transmission electron micro
scope (TEM) showed only one very braad diffraction band corresponding to 
a mean interatomie spacing of about 0.22 nm. The crystal size determined 
from the width of the diffraction band in Fig. 2.2a was about 1 nm, i.e., of 
the order of the unit cell dimensions of 049 TiSi2 [Hou86]. Moreover, the 
bright field micrograph corresponding to the diffraction pattem (Fig. 2.2b) 
shows no contrast. Similar results were obtained for samples with other 
compositions too. Thus, it can be concluded that the as-deposited samples 
were amorphous. 

The samples were now slowly heated in the electron microscope and, 
in order to prevent complete crystallization of the specimens, the samples 
were caoled again as soon as a reasanabie number of crystals was obtained. 
We will first discuss the morphology and microstructure of the crystals in 
the samples aTb1Si69 and aTÎzgSin whose composition is fairly close to 
that of the disilicide. Later we will turn our attention to the crystallization 
of the other samples, with compositions remote from that of TiSiz. 

Figs. 2.3a and b show TEM micrographs of silicide crystals in the sam
ples aTb1SÎ69 and aTi2gSin. The crystals in Fig. 2.3 could be identified by 
selective area diffraction (SAD) as 049 TiSi2 [Oot56,Hou86]. Noother crys
talline compounds were detected. The morphology of the 049 TiSi2 crystals 
in the aTb1Si69 and aTi2gSin samples is similar (see Fig. 2.3). Both sam
ples were found to have square and ellipsoidal shaped crystals. In the case 
of the aTizgSin samples, however, the crystals were closer to a circular 
shape, the corners of squares and ellipsaids being blunted. Tbraughout all 
growth experiments these characteristic shapes were preserved. 
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(a) 

(b) 

Crystallization in a TEM 

Fig. 2.3. C49 TiSi2 single 

crystals in an amorphous ma

trix, (a): aTi31SiGoi (b): 

aTi29Sin The arrows in the 

micrographs correspond to a 

length of 1 Jlm. 

The typical growth shape of the C49 TiSi2 crystals in the samples 
aTistSi69 and atTi2gSin points to an anisotropy in the velocity of the 
crystallization front and is probably related to the crystallographic struc
ture of the C49 phase. In order to investigate this issue in more detail 
the crystallographic directions in the C49 TiSi2 crystals were identified in 
the TEM (see Fig. 2.4). As expected, the orientation of the square and 
ellipsoidal crystals shows a unique correlation with the position of the crys
tallographic axes of the C49 unit cell in the crystals. Fig. 2.4a shows square 
and ellipsoidal crystals in aTistSi69 with the proper crystallographic direc
tionsas determined in the TEM. The schematic drawingin Fig. 2.4b shows 
the three-dimensional shape of the TiSi2 crystals as 'cushions'. Depend
ing on the orientation of the crystals with respect to the boundaries of 
the thin film, squares ( truncated perpendicular to the b-axis) or elli psoids 
( truncated parrallel to the b-axis) are seen. 
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Fig. 2.4. (a) Crystallographic directions in 049 TiSi2 crystals as found by TEM 

diffraction. (b) In three dimensions a C49 TiSi2 crystal in an amorphous matrix 

would be 'cushion' shaped . Dependent on the orientation of the crystal with 
respect to the thin film boundaries, elliptical or square cross sections are obtained. 

(c) The crystallographic structure of the C49 TiSb phase. The {010} planes 

consist of flat close packed planes of Si atoms alternated with planes consisting of 

both Ti and Si atoms. 
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Fig. 2.4c shows a model of the C49 structure in the same orientation 
as the cushion depicted in Fig . 2.4b. Discrete layers consisting of Si atoms 
and layers consisting of both Ti and Si atoms in an equiatomic ratio can be 
distinguished perpendicular to the b-axis (which was previously identified 
with the short axis of the cushions or ellipsaids). To rnaintaio this typical 
cushion shape, the crystals have to grow more slowly along the b-axis 
than they do perpendicular to that direction. Consiclering the fact that 
the Si-layers are nearly close packed, one anticipates that these b-planes 
are smoother and have a lower step density. The observed anisotropy in 
velocity and typical shape of the C49 crystals can thus be explained from 
the crystal structure if the velocity of the crystallization front is dependent 
on the step density on the crystalline - amorphous interface . 

lt was difficult to obtain partially transformed aTi31Si69 regions (as 
shown in the micrograph of Fig . 2.3a) for further investigations after cool
ing to room temperature. During cooling of specimens which showed only 
isolated crystals in the amorphous matrix, a very fast crystallization reac
tion of the remaining part of the specimen occurred sometimes. The tem
perature at which this crystallization took place was about 100 °C, which 
is considerably lower than normal growth and nucleation temperatures. 
Additionally, some Ti31Si69 samples were already completely crystallized 
before any heating took place . We observed that the nitride membrane 
from these specimens was braken. These observations may indicate that 
stress influences the crystallization process. 

In all ellipsoirlal crystals (see Figs . 2 .3a and b) a prominent faultlike 
feature was observed along the long axis of the crystals (see Figs. 2.3 and 
2.5). Fault analyses [Rea87b] showed that this contrast originates from an 
array of stacking faults, with an approximate spacing of 3 to 5 nm. The 
displacement vector of these faults is in the direction < 620 >. It is found 
that the faults arise from the omission of an atomie layer parallel to the 
b-plane. This requires also a shift in the [100] direction to accommodate 
adjacent atoms on either side of the fault [Rea87b] . We observed that this 
kind of stacking fault was present tbraughout the entire TiSi2 crystals, but 
in a somewhat smaller concentration than along the axis . Stacking fault 
contrast was not observed in the square crystals, but it is likely that these 
crystals contain similar faults which are not visible because they are not in 
a suitable orientation with respect to the incoming electron beam. These 
stacking faults may be one of the defects which cause the residual resistivity 
of the C49 phase to be high, which will be treated in detail in chapter 3. 

Figs. 2.6a and b show crystalline regions in the most Si-rich sample 
( aTi23Sin) and in the Ti-rich sample ( aTi4sSiss). In the Si-rich sam
ple the crystals could be identified by selective area diffraction (SAD) as 
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Fig. 2.5. High magnifi.cation, bright - field (B = [301]) micrograph of the center 
of an ellipsoidal crystal. Stacking faults can he seen. The stacking fault spacing 

in the center of the crystal is about 5 nm. 

(a) (b) 

Fig. 2.6. (a) 049 TiSi2 crystals in the Si-rich sample a:Ti23Si77 . The arrow 

denotes a lengthof 1 JJ.m. (b) Crystalline regionsin the Ti-rich sample a:Ti4sSiss
The arrow denotes a length of 10 JJ.m. 
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C49 TiSi2 [Cot56,Hou86], just like the crystals in Fig. 2.3. In the Ti
rich (aTi4sSiss) sample unambiguous phase identification was impossible 
as will be discussed later in chapter 4. The morphology of the crystals in the 
aTi23Si77 and the aTi45Si55 sample is significantly different from that of the 
crystals in the other two samples. Figs. 2.6a and b show that the morphol
ogy is more or less circular (spherulitic [Kos75,Duh80,Her78]). While only 
a weak radial symmetry can be discerned in the Si-rich sample (Fig. 2.6a), 
this radial symmetry is much more pronounced in the micrograph of the 
Ti-rich sample (Fig. 2.6b). It was not possible to obtain isolated crystals 
in the aTi45Si55 alloy. Rather, when crystallization started, usually on 
the sicles of the specimens membrane, the whole observed area crystallizes 
rapidly into one or a few crystalline regions in which no or only a few grain 
boundaries can be discerned. 

For the Si-rich sample (aTi23Si77) depicted in Fig. 2.6a we investigated 
the location of the excess silicon. Using Auger electron spectroscopy ( depth 
profile) and electron micro-analyses in the TEM ( lateral profile), we we re 
unable to locate Si concentration gradients in the crystals, the amorphous 
matrix, and at the interfaces between crystalline and amorphous materiaL 
No segregation of Si on either the vacuum- film interface or the film- Si3N4 
interface was found after the present (low-temperature) anneals. Although 
some of the excess Si may be incorporated in a metastable solid salution (see 
also chapter 4) we do not expect that all of the excess Si in the aTi23Sin 
sample can be incorporated in the lattice. Instead, the excess Si will be 
present as little precipitates within the crystals. We suggest that the black 
point-like contrast (see Fig. 2.6a) is due to these Si precipitates [Rea87b] . 
The size of these precipitates is estimated to be about 5 to 10 nm. 

2.3.2 Growth Rates 

We will at first describe the growth of crystallites in the Si-rich samples, 
i.e. those corresponding to the micrographs of Figs. 2.3 and 2.6a. Later we 
will make some qualitative remarks on the crystallization reaction in the 
Ti-rich sample, corresponding to the micrograph of Fig . 2.6b. 

In all Si-rich samples we found that the velocity of the crystallization 
front or the linear growth ra te ( expressed in m/ s) was constant with time at 
a given temperature. This is consistent with the fact that no macroscopie 
concentration gradients are found. The rate of the crystallization process 
is thus controlled at the crystalline-amorphous interface. 

Of course, the observed anisotropy in the case of aTi31Si69 and aTi2gSi71 
causes the value of the gröwth rate to depend on the direction al"ong which 
the diameter of the crystals is measured. For the determination of the 
growth rate of the ellipsoidal crystals we used the half length of their long 
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Fig. 2.7. Arrhenius plot of the growth rate for crystals in o:Ti31Si69 (crosses), 

o:Ti29Sh 1 (squares) and o:Ti23Si77 ( circles). The activation energy Ey for growth 

is indicated along the straight lines. The inaccuracy in the activation energy is 

estimated to be 0.1 eV. The temperature at which nucleation becomes significant 
is indicated with the arrow and is found approximately the same for the depicted 

compositions. 

axis, while for the square crystals we used the half length of the diagonal. 
The growth rates which were determined from the first time derivative of 
these two sizes were equal within the measurement error. The growth rate 
at a particular temperature was determined from at least three crystals. 
The random error in the growth rate is about 50 % which partly can be 
ascribed to small temperature variations (5 °C) during the experiments. 

Fig. 2.7 shows a plot of the logarithm of the growth rate of C49 TiSi2 
crystals versus reciprocal temper at ure ( an Arrhenius plot) . The slope of the 
straight lines in the Arrhenius plot equals the activation energy for growth . 
Note that the growth of TiSi2 crystals in the Si-richer amorphous alloys 
( aTi2gSin and aTi23Sin) exhibits a significantly higher activation energy 
than the growth in the nearly stoichiometrie alloy o:Ti31Si69· This may 
indicate that the crystallization process is governed by different mechanisms 
in the stoichiometrie or Si- rich alloys. 
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Generally three possible crystallization rnechanisms are considered (pri
marily composition determines which processis dominant) [Hor80,Kos81]: 

(i) polymorphous crystallization 

{ii} eutectic crystallization 

(iii} primary crystallization of one of the components 
(in our case Si or TiSi2 ). 

These processes are exemplified in the hypothetical free-energy diagram of 
Fig. 2.8, tagether with the composition of the present Si-rich alloys and 
the composition of the Si - TiSh eutectic. 

In the case of the o:Tia1Si69 alloy, the most probable reaction path is a 
polymorphous crystallization to C49 TiSb. No diffusion is necessary over 
distauces larger than a few interatomie spacings. Christian [Chr81] pro
posed that the activation energy Eg for the interface velocity in a polymor
phous transition will be close to the activation energy for grain-boundary 
diffusion. A comparison between the magnitude of Eg (1.2 eV) and the ac-

>. 
Ol ... 
Cl> 
c 
Cl> 

Cl> 
Cl> ... 

IJ.. 

0.6 0.7 

E 

0.8 0.9 1.0 

Si concentration 

Fig. 2.8. Tentative free-energy diagram of the binary system Ti - Si for a tem
perature lower than the eutectic temperature (only the Si- side of the diagram 

is shown). E denotes the Si- TiSi2 eutecticum (14 at.% Ti). The three possible 

crystallization paths are indicated by arrows : polymorphous crystallization (i), 
primary crystallization of TiSi2 (ii), and eutectic crystallization (iii). 
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tivation energy for Si ditfusion in crystalline TiSh (1.80- 2.20 eV, [Aum851 
[Hun83J, chapter 5) supports this point of view. 

The temperature dependenee of the growth rate is frequently described 
in the form of a simple Arrhenius type relation [Gre85,Kos81,Ran81,Hei81], 
VIZ: 

E 
r = foexp[- k;J (2.1) 

where Eg denotes the activation energy for the growth process and f 0 is a 
preexponential factor which depends in detail on the operational crystal
lization mechanism and growth process; k is the Boltzmann constant and 
T is the absolute temperature. In the case of step assisted polymorphous 
growth the preexponential factor can he estimated by [Chr81] : 

(2.2) 

where n the dimensionless step density ( expressed in interatomie distances)) 
0 the average atomie volume and v =kT jh the atomie vibration frequency. 
Substituting 0 = 14 * w-24 cm3 for TiSi2 , v = 1013 s- 1 and a reasonable 
value for ft, say w-I, yields a preexponential factor of about 250 mj s. 
Kóster et al. [Kos81] quote a similar value of about 103 m/s for polymor
phous crystallization reactions in many different amorphous alloys. At a 
temperature of 350 oe a growth rate of r = 4 * w-9 m/s is observed. Cal
culating the activation energy from this growth speed and the estimated 
preexponential factor of 250 m/s yields an activation energy of 1.3 e V, a 
value close to the value derived from the slope of the Arrhenius plot . Thus 
for the polymorphous phase transformation the absolute value and the acti
vation energy of the velocity of the crystallization front are consistent with 
a step assisted growth mechanism. 

An excess of Si increased the activation energy to a value of about 
1. 7 e V, indicating that in the Si-rich alloys a different crystallization pro
cess may prevail. The a:TizaSin sample undergoes an eutectic crystalliza
tion reaction (see Fig. 2.8) . A reaction path by primary crystallization of 
Si or TiSi2 is excluded because a decreasing growth rate with time (which 
is typical for a primary crystallization reaction) is not observed. An eu
tectic crystallization mechanism results in the observed characteristic mi
crostructure (see Figs. 2.6a). Crystals are observed to consist of lamellae 
of the two crystallizing phases and assume a so-called spherulitic shape 
[Kos75,Duh80,Her78J. A weak radial symmetry can he discerned in the 
crystals in the a:TizaSin alloy. A typical width of an eutectic Iamelia may 
he estimated from the size of the Si precipitates: 5 to 10 nm. The fact 
that such eutectic lamellae are of considerable width as compared to the 
interatomie distance necessitates ditfusion of both elements to take place, 
probably through the amorphous matrix . This may increase the value of 
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the activation energies of the eutectic reaction above that of the polymor
phous reaction. As an order of magnitude estimate of the preexponential 
factor in Eq. 2.1 one might take for the eutectic reaction [Kos81]: 

rz2/3v 
r~-

s 
(2.3) 

where s is the spacing of the eutectic lamellae. Substituting for s a value 
of 10 nm in the case of the aTi23Si77 alloy yields a preexponential factor of 
about 50 m/s. At a temperature of 350 oe a growth rate of f = 3 * w- 11 m/s 
is observed. ealculating the activation energy from this growth speed and 
the estimated preexponential factor yields an activation energy of 1.5 eV. 
This estimate is in agreement with the value derived from the slope of the 
Arrhenius plot ((1.7 ± 0.1) eV), and the growth rates are consistent with 
an eutectic crystallization mechanism. 

The micrograph of the Ti-rich sample aTi4sSiss in Fig. 2.6b shows a 
microstructure typical to an eutectically crystallized alloy. Lamellae par
rallel to the growth direction are very clearly visible. It was not possible 
to determine the velocity of the crystallization front for this Ti-rich alloy 
as was done for the other three alloys. It appeared that the growth was 
very fast once the crystalline material had nucleated. For the same reason 
only one or two different crystals are seen on the entire electron transparent 
region of the specimen (typical dimension 50 J.Lm). Typical temperatures 
at which the growth and nucleation of crystalline material takes place are 
about 600°e. Note that this temperature is much higher than the typical 
growth and nucleation temperatures of the other alloys (300 oe to 400 oe), 
whose composition was closer to the TiSi2 stoichiometry. These differences 
in crystallization temperature will be addressed in more detail in chapter 4. 

2.3.3 Nucleation 

In the higher temperature range (~ 300 oe), the nucleation rate was ap
preciable for the Si-rich samples and the nearly stoichiometrie samples. 
Estimates of the nucleation rate at 350 oe yielded J = 3*108 ± 1 m-2s- 1 

(indicated in Fig. 2.7). This value was about the same for the aTig 1Si69, 
aTi29Sin and aTi23Si77 alloys. The temperature dependenee of the nu
cleation rate could not be determined because of the high growth rates at 
temperatures where the nucleation rate was high enough to be measured. 

One might argue that the nuclei are already present in the amorphous 
thin film before it is heated in the electron microscope . Then the only 
harrier to crystallization is the limited atomie mobility at low tempera
tures. In that case, one expects all crystals to start growing at the same 
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time, i.e. as soon as the temperature reaches values were the growth rate 
is appreciable, say 10-9 m/s. eonsequently one expects all crystals to have 
approximately the same size if they start growing from preexisting nuclei 
and to have widely different sizes if they grow from random (in time) nucle
ated nuclei [Bla85]. In the micrographof Fig. 2.3a crystals of many different 
sizes are observed which shows that random nucleation is important. In 
chapter 4 additional evidence in favor of a random nucleation process will 
be presented. 

In order to explain the magnitude of the above determined random 
nucleation rate at 350 oe let US consider the classica! Volmer - Weber 
expression for the steady state nucleation ra te J [ ehr81]: 

J = Joexp[- En] = N exp[- Ec] * vexp[- Eg J (2.4) 
kT kT kT 

where Jo is a preexponential factor (expressed in m-2s- 1), En an effective 
activation energy, N the number of possible nucleation sites (expressed in 
m-2 ), Ec the free energy needed to forma critical nucleus and Eg and vare 
defined earlier in Eqs. 2.1 and 2.2. Note that in quoting N and J as a rate 
per unit surface, we implicitly assumed that nucleation is heterogeneaus 
(i.e. nucleation occurs on either of the surfaces of the thin film). Th is is 
a reasonable assumption for nucleation in thin films [ ehr81]. The effect i ve 
activation energy for nucleation En thus is equal to the sum of the activation 
energy for growth and the energy needed to form a critical nucleus. 

From the measurements of growth speeds of the polymorphous crys
tallization reaction one calculates that the second exponential in Eq.2.4 
is about 10-11 ± 1 at a temperature of 350 oe. At that temperature the 
nucleation rate was measured to be about J = 3 * 108 ± 1 m-2s- 1 . An 
upper and a lower limit for N can be determined from the following con
siderations. As a lower limit for N one may take the number of crystallites 
per unit area in a completely crystallized sample. For the present samples 
the grain size is of the order of 1 J.Lm, hence a lower limit for N is about 
1012 m - 2 . As an up per limit for N one may use the surface density of 
TiSi2 which is about 1018 m-2 . Thus as a reasanabie range of values for 
N we will use 1016 ± 3 m-2 • With the above estimated range for N and 
a frequency factor v = kT jh = 1013 s- 1 one calculates for Ec the value 
of (1.2 ± 0.5) eV which seems reasonable. The total activation energy for 
nucleation equals the sum of the free energy to form a critica! nucleus and 
the activation energy for growth, viz: En = Ec + Eg = (2.4 ± 0.6) eV. 
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2.4 Conclusions 

We stuclied the crystallization of amorphous Ti - Si binary alloy thin films 
with compositions ranging from Ti/Si = 1/1 through the stoichiometrie 
composition Ti/Si = 1/2 to more Si-rich alloy thin films Ti/Si= 1/3 by in
situ annealing in a transmission electron microscope. The line of research 
foliowed here allows the possibility to discriminate between phenomena 
occurring in the nucleation stage and the subsequent growth stage. 

In alloys with a composition close to or richer in Si than the disili
cide it was found that TiSi2 in the e49 (ZrSi2) polytype was the growing 
crystalline phase at temperatures in the range of 250 oe to 450 oe. 

The velocity of the crystallization front was measured from TEM mi
crographs. In all cases the growth was independent of time at a specific 
temperature until the crystals touched each other. This is consistent with 
the fact that no macroscopie chemica! composition gradients were present 
during the crystallization process. Alloys with a composition close to the 
stoichiometry of TiSi2 crystallized through a polymorphous phase trans
formation with a low activation energy (1.2 e V) at a temper at ure of about 
300 oe. Si-rich alloys crystallized through eutectic decomposition. The dif
ference in reaction mechanism was clearly reflected in a higher activation 
energy for the growth of crystalline material ( 1.6 to 1. 7 e V) and somewhat 
higher crystallization temperatures ( about 330 oe to 380 oe). The absolute 
magnitude of the growth rates could be explained with order of magnitude 
estimates from simple growth roodels for both reaction mechanisms. 

For the alloys with a composition near that of the disilicide and for Si
rich alloys the nucleation rate was appreciable at temperatures exceeding 
about 300 oe. From the presence of crystals with many different sizes it 
was concluded that nucleation was random. Only a very rough estimate for 
the activation energy for nucleation could be determined from the Volroer
Weber expression for the steady state nucleation ra te: (2.4 ± 0.6) eV. 

The e49 TiSi2 crystals contained two kinds of defects. Firstly, the TiSi2 
crystals were found to contain a high density of stacking faults parallel to 
the b-plane. The occurrence of these stacking faults could be explained 
on the basis of the crystal structure of the e49 phase. An effect of these 
stacking faults on the resistivity of the e49 TiSi2 phase was anticipated. 
Secondly, in the alloy with compositions of 77 % Si, which is significantly 
richer in Si than the disilicide (67% Si), at least a part of the excess Si was 
found to be present within the crystals in the form of small (with sizes of 
5 to 10 nm) precipitates. 

In contrast to the low temperatures required for nucleation and growth 
in the Si-rich or near stoichiometrie amorphous alloys, much higher tem
peratures ( about 600 oe) were needed to crystallize the alloy with a com-
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position near to that of the monosilicide. The latter sample crystallized 
through an eutectic mechanism. Unfortunately, quantitative kinetic mea
surements for this sample could not be obtained. 
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Chapter 3 

Crystallization of 
Amorphous Ti - Si Alloys: 
Microstructure and 
Resistivity 

3.1 Introduetion 

31 

In very large scale integrated circuits silicides can be used as contact ma
terial or interconneet material [Cho83,Heu82,Mur83]. High temperature 
resistant, low resistivity interconnects can for example be formed from a 
co-deposited alloy of metal and Si. Deposition of this material on polycrys
talline Si (polycide [Cro79]) or directly on Si02 (as a gate electrode [Moc78]) 
is feasible. The as-deposited alloys are usually amorphous. Although the 
alloys crystallize readily at moderate temperatures (200 to 500 °C), the 
desired low resistivities are only achieved after anneals at a much higher 
temperature (700-1000 °C). 

In the last five years several studies have been devoted to the crystalliza
tion of such amorphous metal-Si alloy thin films . For example, Raaijmakers 
et al. [Raa87c,Raa87d] (see also chapter 2) and Weiss et al. [Wei86] annealed 
amorphous Ti - Si and Cr - Si alloy thin films in a TEM to elucidate the 
crystallization process. Weiss et al. [Wei86], Thompson et al. [Tho87], Nava 
et al. [Nav86a,Nav86b,Nav85a,Nav85b] and Tien et al. [Tie83] used in-situ 
resistivity measurements to study the crystallization behaviour of various 
refractory metal-Si alloys. The in-situ resistivity studies show many cam
man features. One of the most salient similarities is that, with increasing 
anneal temperature, a sametimes small but very sharp drop in resistivity 
( associated with crystallization) is foliowed by a more gradual decrease in 
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resistivity. This gradual decrease in resistivity is usually attributed to the 
annealing of defects, grain growth, recrystallization or elimination of rem
nants of amorphous materiaL Due to the fact that the resistivity decreases 
only slowly after crystallization, a high temperature anneal is required to 
achieve the minimum possible room temperature resistivity of a particular 
silicide. This calls for a more detailed study of this stage of the crystalliza
tion process. 

In the quest for low resistivity materials, TiSi2 is usually considered as 
being one of the winners [Mur83,Nic83]. In its C54 structure it shows a 
room temperature resistivity of 15 - 20 J.LOcm. This value is even lower 
than the resistivity of the pure metal. However, it is now well established 
[Bey85,Hou86] that the Ti - Si reaction, whether in co-sputtered alloys or 
in diffusion couples, first produces a crystalline farm of TiSi2 which exhibits 
a much higher resistivity. This particular polytype of TiSi2 is isomorphous 
with ZrSi2 (C49 structure) and has a room temperature resistivity of about 
100 J.Lflcm. Only a high temperature anneal converts the C49 polytype to 
the low resistivity C54 polytype of TiSi2. The temperature at which this 
transition occurs is ususally about 700 to 800 °C and is reported to depend 
on impurities [Bey85], film thickness [Hou86] or grain size [Hou87]. 

Reader et al. [Rea87b] recently reported that the resistivity of the 
C49 phase itself depends on the preparation method. lt was found that 
C49 TiSi2 films prepared from co-sputtered material had a significantly 
higher resistivity than C49 TiSi2 films prepared from Ti - Si diffusion cou
ples. The material prepared from co-sputtered material had a stacking fault 
density which was an order of magnitude larger than the material prepared 
from Ti - Si diffusion couples. The resistivity differences were attributed 
to these large differences in stacking fault density. The deleterious effect of 
a high density of stacking faults on the resistivity is also known for other 
silicides. For example, d'Heurle and co-workers [Heu82,Heu86,Kro87] at
tributed a resistivity maximum during the hexagonal to tetragonal phase 
transformation in WSi2 and MoSi2 to large densities of stacking faults. 

In this chapter the resistivity behaviour of co-sputtered Ti - Si alloy 
thin films upon annealing is discussed. We will chiefly deal with the slow 
decrease of resistivity just after the crystallization of the amorphous Ti - Si 
alloy to the C49 polytype of TiSi2 . lt will be shown that C49 TiSi2 films 
with very different resistivities can be prepared from the same co-sputtered 
materiaL The observed resistivity behaviour will be explained from the 
microstructure of the crystallized specimens. For the first time evidence 
will be presented which supports the contention that the phase field of the 
C49 TiSi2 phase is of substantial width. 
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3.2 Experimental 

{100) oriented Si-wafers, 100 mm in diameter were thermally oxidized to 
grow approximately 0.6 J.Lm Si02. Thin films of a Ti - Si alloy were co
sputtered on tothese oxidized Si wafers as described previously (see chapter 
2). For the present investigations the nominal thickness of the co-sputtered 
Ti - Si alloy thin film was 200 nm. The composition of the alloy thin 
film was targetted to be slightly Si-rich as compared to the composition 
of the disilicide (TiSi2). The actual thickness and composition of the alloy 
thin films were derived from Rutherford backscattering speetrometry (RBS) 
using a 2 Me V He+ ion beam and a scattering angle of 170 degrees. The 
wafers were cut into squares approximately 20 x 20 mm2 on a side for heat 
treatment and in-situ resistivity measurements. 

Heat treatment of the samples was performed in a turbomolecular pum
ped high-vacuum furnace. To avoid excessive degassing of the system walls 
during the anneals the walls were caoled efficiently with water. Anneals 
were started when a total pressure lower than 10-5 Pa had been reached. 
During heat treatment the pressure in the system increased to a maximum 
of 5 * 10-5 Pa. The heaters in the furnace consisted of two resistively 
heated hot plates facing each other {see below and Fig. 3.1). The sample 
was pressed gently to the bottorn hot plate by four tungsten springs which 

(a) (b) 

HP 

A AC 
TC 

WS 

TC ~ 
HP 

Fig. 3.1. Experimental setup to measure the resistivity of a thin film during anneal 

in high vacuum. (a) furnace assembly: S =sample; WS = tungsten contact springs 

TC = thermocouples; HP = resistively heated hot plate. The distance between 

the furnaces is exagerated in the figure. 

(b) electrical diagram: LI = lock-in differential amplifier; AC = AC generator 

R = current limiting resistor; REF = reference signa!. 
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served as cantacts for the in-situ resistivity measurements. The tempera
ture of the hot plates was measured with a chromel-alumel thermocouple 
inserted in a 1 mm diameter, 20 mm deep hole in the hot plates. 

The hot plate temperature was controlled digitally with a proportional
integrative-derivative (PID) controller consisting of an Apple 11-E micro
computer. Any desired temperature- time sequence could be programmed. 
Evidently the temperature of the sample does not necessarily equal the hot 
plate temperature. To relate sample and hot plate temperature a cali
bration was performed. For that purpose a small chromel-alumel thermo
couple consisting of 0.1 mm diameter leads was glued to a sample with 
high-temperature-resistant ceramic adhesive. 

The resistivity was measured in-situ with the aid of a four-point probe 
consisting of four 0.35 mm diameter tungsten springs spaeed approximately 
3 mm apart. To avoid erroneous resistivity readings caused by thermovolt
ages an AC technique was used consisting of an 80 Hz, 1 Vel f AC voltage 
souree in series with a 1 kO resistor and a lock-in amplifier. (see Fig. 3.1b) 
Since the maximum resistivity of our samples (as measured between the 
outer probes) is only of the order of 10 0, the measurement current is con
stant within a few percent and equals 1 mAeJ 1. The frequency of the AC 
voltage souree was chosen sufficiently low to allow capacitive coupling with 
the Si substrate through the Si02 layer to be neglected. The room temper
ature resistivities of the as-deposited and annealed samples were also roea
sured ex-situ with a standard four-point probe. All resistivity-temperature 
curves obtained with the in-situ measurements were normalized to the resis
tivity of the as-deposited sample as measured with the standard four-point 
probe. 

After cooling, the samples were further investigated with plan-view 
transmission electron microscopy (TEM), scanning electron miscroscopy 
(SEM), X-ray diffraction (XRD) and Hall effect measurements. Plan view 
TEM specimens were prepared using jet-etching from the backside of the 
wafer. Specimens were investigated in a Philips EM400T transmission elec
tron microscope operating at 120 kV . X-ray diffraction was performed with 
a conventional 2 e diffractometer (Philips) equipped with a Cu-Ka X-ray 
source. Hall measurements were carried out on van der Pauw structures 
using a magnetic field strength of 0.6 T and a measurement current of 7.5 
mA. 
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3.3 Results 

3.3.1 As-deposited Material 

The as-deposited alloy thin films are amorphous as was evidenced by selec
tive area diffraction in the electron microscope and X-ray diffraction. This 
result is in agreement with previous investigations where similar layers on 
Si3N4 substrates were used [Raa87c,Raa87d] (see chapter 2). 

The composition and thickness of the as-deposited thin films was de
termined with RBS. The total amount of Si and Ti atoms in the alloy thin 
film is (95 ± 3) * 1016 Si/cm2 and (42 ± 3) * 1016 Ti/cm2 respectively. 
(The inaccuracies are representative for the sample to sample variations 
in composition.) The composition of the alloy can thus be calculated to 
correspond toa Si concentration of 0.69 ± 0.02 (Ti/Si = 0.44 ± 0.04), i.e. 
slightly Si-rich as compared with the composition of TiSi2 • The thickness 
of the silicide films can be determined from the total amount of Ti atoms, 
giving (180 ± 10) nm assuming bulk molar volume of TiSb (42.4 * 10- 24 

cm3). In fact the present thin films is si mil ar to the one on the a:Ti31 Si69 
specimen from the previous chapter. 

3.3.2 Resistivity Behaviour 

If the Ti - Si alloy thin film described above is heated in high vacuum at a 
constant heating rate of 1 °C/s the resistivity-temperature curve depicted 
in Fig. 3.2 is measured. Different samples were produced by heating a 
specimen to the desired temperature with a constant heating rate of 1 °C/s, 
keeping it at that temperature for approximately 200 s and then cooling 
it down in vacuum. This procedure yielded samples (b) through (g) which 
are characterized by the curves (b) through (g) in Fig. 3.2. We will at first 
describe the general form of the resistivity - temperature curve (Fig. 3.2) 
and the results obtained with X-ray diffraction (see further in Figs. 3.3 
and 3.4). After that we will turn our attention to the electron microscopy 
results and the Hall measurements. 

A few phenomena are immediately apparent from Fig. 3.2. For the 
as-deposited amorphous sample the temperature coefficient of resistivity 
(TCR) is slightly negative at room temperature. Kernper and Oosting 
[Kem82] attributed this anomalous behaviour of the temperature coefficient 
to the heavily disordered nature of these concentrated alloys (Mooij's rule 
[Moo73]). Mooij showed that in many disordered concentrated roetal alloys 
Mathiessen's ruleis not obeyed, instead the carrier mean free path reaches 
a limiting value of the order of interatomie dimensions. 

At approximately 390 °C the resistivity suddenly drops, indicative of 
a crystallization process. This finding is confirmed with the X-ray diffrac-
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Fig. 3.2. Resistivity versus temperature curves. The thick curve (a) is obtained 

while heating the samples, while the thin curves (b) through (g) are obtained 

during cooling. The heating rate was approximately 1 oejs. The sudden drops in 

resistivity are associated with crystallization of the sample to e49 TiSb (at a bout 
390 oe) and the transformation to e54 TiSi2 (at a bout 820 oe). 

tion results presented in Fig. 3.3. While no reflections are observed in 
the as-deposited sample, a sample annealed at 415 oe, i.e. just after the 
precipitous drop in resistivity (Fig. 3.2, curve (b)), shows clear reflections 
originating from TiSi2 in its e49 polytype [eot56,Bey85,Hou86]. Upon 
annealing at temperatures between 415 oe and 755 oe the resistivity de
creases gradually. The temperature coefficient of resistivity and the slope 
of the cooling curves increases from a small positive value for sample (b) 
toa much higher value for sample (f). 

Although clear changes in electrical transport properties are apparent, 
no differences in peak height nor in peak width were found in the diffraction 
patterns from samples (b )-(f). However, slight changes in peak position 
were found (Fig. 3.4). While the a and c- axis of the e49 unit cell are of 
constant length, the length of the b - axis increases with increasing anneal 
temperature. In samples annealed at temperatures of 700 oe or higher the 
values of the lattice constants are found to agree with the values determined 
by van Houturn et al. [Hou86] for e49 TiSi2 prepared from Ti - Si diffusion 
couples. In samples annealed at low temperatures the value for the lattice 
constant b and the volume of the unit cell is (1.0 t 0.2) % lower than the 
values found in the same material annealed at higher temperature. 
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Fig. 3.3. X-ray diffraction diagrams of an as-deposited sample and annealed sam

ples. Note that the as-deposited sample (a) is amorphous. Samples (b) through (f) 
show the same X-ray diffraction diagram corresponding to the C49 TiSi2 phase. 

Sample (g) consists of the C54 TiSi2 phase. 

At a temperature of approximately 800 oe a second sharp drop in re
sistivity is observed. X-ray diffraction of sample (g) confirms that at this 
temperature the high-resistivity C49 phase is converted to the low resis
tivity C54 TiSiz phase [Lav39]. The room temperature resistivity of the 
C54 TiSiz phase is found to be (18 ± 1) ~-tOcm which is within the range of 
reported values [Nic83]. 

Note that the temperature dependenee of the resistivity of the C54 
phase is different from that of the C49 phase. Although the temper
ature coefficient of resistivity (i.e. * ~) increases upon the transforma-

tion to the C54 phase, the slope of the cooling curve (i.e. *) decreases 
upon transformation. A similar observation can be made from the work 
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Fig. 3.4. Lattice constauts for the 049 phase as a function of anneal temperature 
derived from the positions of the X-ray diffraction maxima. The values for the 

lattice constauts as reported by van Houturn et al. [Hou86) are indicated along 

the axes with 'a', 'b' and 'c'. 

of Hensel et al. [Hen86,Hen87b]. From their work we derived the slope 
to decrease from about 15 * 10- 2 J.t0cm/K for the C49 phase to about 
5 * 10-2 J.t0cm/K for the C54 phase. From Fig. 3.2 we derive a decrease 
from about 9 * 10-2 J.t0cm/K (curve (f)) toabout 6 * w- 2 J.LOcm/K (curve 
(g)). 

The results of the in-situ resistivity measurements and X-ray diffraction 
are summarized in Fig. 3.5. The most essential feature of the tigure is that 
the C49 TiSi2 phase prepared from the same co-sputtered alloy may have a 
room temperature resistivity between 210 and 110 j.tOcm with a concurrent 
increase in temperature coefficient from nearly zero to about 1 * w-3 jK. 
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Fig. 3.5. 

Room temperature resis

tivities and temperature 

coefficients of resistivity 

(TOR) as a function of 
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the top of the figure the 
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X-ray diffraction are indi

cated (am.= amorphous). 
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3.3.3 Microstructure 

The microstructure and surface morphology of the crystallized alloy 
thin films was investigated with transmission electron microscopy (TEM) 
and scanning electron microscopy (SEM). Plan view TEM micrographs of 
samples (b) to (f) consisting of the e49 phase are shown in Fig. 3.6, while 
Fig. 3.7 shows a micrographof sample (g) which consistsof the e54 phase. 

From this series of micrographs it can be concluded that all samples 
displayed are fully crystallized. e49 TiSi2 grains approximately 1.2 JJ.m 
in diameter are formed. In chapter 2 it was reported that at a particular 
temperature the velocity of the crystallization front is constant until the 
crystallites start to touch each other. For example, at a temperature of 
415 oe ( corresponding to the anneal temper at ure of sample (b)), the crys
tallization front moves with a constant velocity of approximately 30 nm/s 
(see Fig. 2.7). A particular TiSi2 crystallite would be able to grow to the 
observed size of 1.2 JJ.m in only 40 s. At temperatures exceeding 415 oe 
even shorter times are required to reach the observed grain size. We kept 
our samples at the anneal temperature for about 200 s, therefore it is un
likely that the present films will contain remnants of amorphous materiaL 
The grain size of samples (b) through (f) was determined from the micro
graphs of Fig. 3.6 to be independent of the anneal temperature and equal 
to 1.2 JJ.m . X-ray diffraction toa (Fig. 3.3) revealed no differences in peak 
width or peak height for the e49 TiSi2 reflections. Thus, annealing our 
layers at temperatures exceeding the crystallization temperature does nat 
result in grain growth or recrystallization. Only after the formation of e54 
TiSi2 at approximately 800 oe did the grain size increase to about 3 JJ.m 
(see Fig. 3.7). 

The high magnification sections of Fig . 3.6 reveal the presence of stack
ing faults in the e49 TiSi2 grains just like the faults which were found in 
the crystallites in chapter 2. The average stacking fault density was deter
mined from a number of such higher magnification micrographs. Stacking 
faults are only visible if the displacement vector of the faults has an ap
preciable component perpendicular to the incoming electron beam. With 
the specimen surface perpendicular to the electron beam, vertical or al
most vertical stacking faults were seen in about 1/ 4 of the grains . Hence 
the stacking fault density could only be determined in these grains . Other 
grains presumably contain similar stacking faults [Rea87a]. 

Fig. 3.8 depiets the stacking fault density versus the anneal tempera
ture. lt is observed that the stacking fault density in the e49 phase material 
decreases from 2.8 * 106 /cm to 1.9 * 106 /cm with increasing anneal tem
perature. Upon phase transformation to the e54 polytype practically na 
stacking faults remain, regardless of the fault density in the material from 
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Fig. 3.6. TEM micrographs of e49 TiSi2 samples annealed at different temper

atures. (a) 415 oe; (b) 490 oe; (c) 595 oe; (d) 670 oe; (e) 755 oe. The micro

graphs shown at the right side of the figure are a strongly magnified section of the 

overviews at the left side of the figure. In the high magnification part of the figure 

stacking faults are visible. 
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........ ~~----~ ... ~- 1 o p m ( b) 

Fig. 3.9. SEM micrographs of samples annealed at (a) 755 oe (e49 TiSi2 ) and 

(b) 860 oe (e54 TiSi2 ). The features on the surface are Si precipitates. Note the 

drastic increase in the amount of precipitated Si when the e54 phase forms. 

which it is prepared. Since the lowest value for the stacking fault density 
in the C49 polytype (1.9 * 106 /cm) is still surprisingly high, we have tried 
to reduce this value by prolonged arinealing at temperatures just below the 
transition temperature to the C54 phase. However, these attempts turned 
out to be unsuccessfull. lt seemed as iffor some (unknown) reason a certain 
number of faults were 'stable' in the C49 structure. 

Reeall now that our samples were slightly Si-rich as compared to the 
composition of TiSi2 (Ti/Si = 0.44 ± 0.04). The TEM micrographs in 
Fig. 3.6 show indications of an increasing amount of precipitates with in
creasing anneal temperature. In samples annealed for Jonger periods of 
times it was found [Rea87a] that the precipitates consisted of Si. More
over, X-ray diffraction of the samples annealed in the higher temper at ure 
regime showed a reftection which could be ascribed to the ( 111) plan es of 
crystalline Si (not shown in Fig. 3.3). 

In Fig. 3.9 scanning electron microscopy {SEM) micrographs are shown 
of sample {f), consisting of C49 TiSi2 and sample (g), consisting of C54 TiSi2 
respectively. After an anneal at a temperature of 755 °C Si precipitates are 
very clearly present at the surface of the C49 TiSb film . Precipitate densi
ties determined from TEM micrographs and SEM micrographs we re si mil ar, 
so most precipitates must indeed be situated at the surface. This observa
tion correlates nicely with the fact that Si shows a tendency to segregate 
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at the TiSi2 surface [Kui85]. lt is also evident from the SEM micrograph 
of the sample annealed at 860 °C that the phase transformation to the 
C54 phase is associated with a large increase in the amount of precipitated 
Si. The same condusion could be drawn from TEM micrographs of a C54 
phase sample (shown in Fig. 3.7). 

A rough estimate of the amount of Si which is present in the form of pre
eipitatea can be obtained from our SEM or TEM micrographs. Assuming 
the precipitates to be present as hemispheres on the surface, one estimates 
that for sample (f) an amount of (1.9 ±0.7) * 1016 Si/cm2 is present in 
the farm of precipitates. Wh en all Ti in our thin films ( ( 42 ± 3) * 1016 

Ti/ cm2) is reacted to stoichiometrie TiSi2, from the originally present 
(95 ± 3) * 1016 Si/cm2 an amount of (11 ± 7) * 1016 Si/cm2 would re
main unreacted. This amount is much more than can be accounted for by 
the precipitates. However, after the transition to the C54 phase, for sample 
(g) we found an amount of (10 ± 3) * 1016 Si/cm2 to be present inthefarm 
of precipitates. This value compares well with the actual Si excess deter
mined from Rutherford backscattering, and is also in accordance with the 
phase diagram of the Ti - Si system [Mas87] where the C54 TiSi2 phase is 
reearcled as a line compound. The amount of Si present as precipitates in 
C49 TiSh samples was always much smaller than the actual excess of Si. 
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In order to get an indication whether the differences in resistivity for 
the various e49 TiSi2 films were due to differe'nces in carrier density or 
their effective mean free path, Hall effect measurements were performed at 
room temperature. Fig. 3.10 records the Hall coefficient as a function of 
the anneal temperature. The as-deposited (amorphous) thin films are ob
served to have a positive Hall coefficient, indicating that holes are mainly 
responsible for charge transport. Near the crystallization temperature the 
Hall coefficient drops rapidly and changes sign, indicating that transport 
by electrans is dominant in e49 TiSi2. The Hall coefficient decreases fur
ther with increasing anneal temperature until a nearly constant value of 
-(3.0 ± 0.3) * w-4 cm3 je is obtained for samples which were annealed at 
temperatures ranging from 490 oe to 755 oe. A Hall effect of constant mag
nitude is likely to he related to a constant carrier density. We acknowledge 
that it is in principle possible to have changes in carrier densities which 
are exactly compensated by for example changes in mobility [Bad87] or the 
shape of the Fermi surface. The latter situations however would represent 
rare coincidences. A constant carrier density suggests that the observed 
resistivity decrease after the crystallization to the e49 phase is caused by 
changes in the carrier mobility or their effective mean free path. 

To estimate the mean free path in e49 TiSi2 from the Hall coefficient 
we will assume that a single band contributes to conduction. Using the 
rough approximation of the classica! free electron theory we find from the 
Hall effect and the resistivity effective mean free paths ranging from 1.8 
nm for sample (c} to 3.6 nm for sample (f). The latter value is close to 
the value of 4.0 nm calculated by Hensel et al. [Hen87b] for e49 TiSi2. lf 
the rather simplifying approximations underlying the above calculation are 
valid, these values of the mean free path should give us an indication of the 
spacing of the defects which are thought to he responsible for the observed 
resistivity effects. The effective mean free path is much smaller than the 
observed grain size (about 1.2 J.tm) or the film thickness (about 180 nm}. 
This implies that grain boundary scattering or surface scattering (with 
scattering probablities of order unity) can he excluded as contributions to 
the resistivity. 

Summarizing, it was found that there are two possible microstructural 
defects which may contribute to the resistivity of the e49 TiSi2 phase. 
Firstly, as was pointed out by Reader et al. [Rea87b] and d'Heurle et 
al. [Heu82,Heu86], the large density of stacking faults gives rise to an in
creased resistivity. Secondly, there is excess Si in the farm of a (super-) 
saturated solid salution in the e49 phase. During annealing the excess Si 
in the e49 phase is partially removed by a precipitation reaction. The dis
solved Si will affect the materials resistivity as impurities do in pure metals. 
On the other hand it was found that the transformation to the e54 phase 
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eliminates the larger part, if not all of the excess Si in solid solution and 
practically all stacking faults. 

3.4 Discussions 

3.4.1 Stoichiometry 

The resistivity effects which were described in the previous section cannot 
he understood adequately without a more detailed knowledge of the crys
tallization process and the role of the excess Si in the thin films. Therefore 
we will startour discussion with a description of relevant phenomena which 
occurr during and directly after the crystallization process. The crystal
lization of an initially amorphous Ti- Si alloy thin film with a composition 
which is reasonably close to that of the disilicide occurs through a poly
morphous reaction (see chapter 2). The microstructure of the crystalline 
alloys, as evident from the transmission electron microscopy micrographs 
from Fig. 3.6, indeed showed that a polymorphous reaction had occurred. 

Polymorphous crystallization of a thin film which is richer in Si than 
dictated by the solid solubility limit of Si in C49 TiSi2 wiJl initially result 
in a non-equilibrium super-saturated solid salution of Si in C49 TiSi2. The 
excess Si may for example he accounted for by Ti vacancies or antisite 
defects (a Si atom substituted on the Ti sublattice). 

When a super-saturated solid solution of Si in C49 TiSi2 is annealed for 
a sufficiently long time at sufficiently high temperature, equilibrium wiJl 
be established between Si and a saturated solid solution of Si in TiSi2. It 
wiJl mainly depend on anneal temperature whether the C49 polytype of 
TiSi2 remains or whether the C54 polytype of TiSi2 wil! be formed. In the 
first case the equilibrium between Si and the saturated solid salution of Si 
in C49 TiSi2 may be of a metastable nature since the C49 phase itself is 
thought [Bey85] to be metastable. The Si in excess of the solubility limit 
in either two polytypes of TiSi2 will now precipitate as a second phase. 
Transmission and scanning electron microscopy micrographs (Figs. 3.6 and 
3.9) indeed revealed the presence of Si precipitates, most of which were 
found to be situated at the surface of the TiSi2 thin film after annealing in 
the higher temperature regime. Moreover, the removal of excess dissol ved Si 
from the C49 matrix by precipitation was observed to result in an increase 
in the lattice constants of the C49 phase. 

A first estimate for the variations in lattice constant with composition 
may sametimes be obtained from Vegard's law [Tay6l] . Vegard's law relates 
values for the lattice constants or atomie volume to the lattice constants 
or atomie volume of the terminal solid solutions through a simple linear 
interpolation. The average atomie volume of C49 TiSi2 is 14 * 10-24 cm3 
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(1/3 of the molar volume). For the value of the Si atomie volume in TiSi2 
one must use that in its 'metallic' form rather than the much larger value 
in its covalent binding state. In all refractory metal silicides the Si atomie 
volume is a bout 12 * w- 24 cm3 . Assuming a linear dependenee of atomie 
volume on composition one calculates a decrease of about 0.14% in atomie 
volume for every at. % of Si in solid solution. The actual excess of Si 
in our samples is (8 ± 5) at. %, derived from Rutherford backscattering 
spectrometry. If this Si is present as a (super-saturated) solid salution one 
would ex peet the value of the atomie volume of the C49 phase to be smaller 
than the value of stoichiometrie TiSi2 by (1.1 ± 0.7) %. The latter value 
is close to the observed deviation of the atomie volume of the C49 phase: 
from Fig 3.4 we derived a deviation of b (or atomie volume) just after 
crystallization by (1.0 j- 0.2) %. 

The actual Si concentration in the equilibrated TiSi2 layer (which is 
now a saturated solid solution) will generally not be equal to that of the 
stoichiometrie TiSi2 phase but is dictated by the solubility limit of Si in the 
TiSi2. The phase diagram of the Ti- Si system [Mas87] records C54 TiSi2 
as a true line compound (i.e. a compound with a very narrow phase field). 
The narrow phase field of the C54 phase explains the observation that after 
recrystallization of the C49 phase to the C54 phase the excess Si had all 
precipitated (Fig. 3.9). No data on the width of the phase field for the 
C49 TiSi2 phase can be found in literature. When the film consisted of the 
C49 phase the amount of Si present as precipitates was always much less 
than the actual excess of Si. So we conclude that the solubility of Si in the 
C49 phase may be significant, possibly upto a few percent. 

One should now also realize that, when the C49 TiSi2 phase is prepared 
from Ti - Si ditfusion couples, once all Ti is consumed and equilibrium is 
established it would forma saturated solid salution of Si in TiSi2 too. With 
respect to the act u al concentration of Si in the C49 phase we do not ex peet a 
large difference between material prepared from Si-rich co-sputtered alloys 
in which the precipitation reaction is complete or Ti - Si ditfusion couples 
in which all Ti has been consumed. 

Badoz et al. [Bad87] recently reported that when W is reacted with 
(100) Si in a UHV environment a systematic excess of Si is found to be 
present in the WSi2 layer. Moreover, the Hall coefficient for these WSi2 
films was found to have a negative value at room temperature. WSi2 pre
pared from Si-rich co-sputtered material showed a negative Hall coefficient 
as wel!, while WSi2 prepared from W-rich co-sputtered material showed a 
Hall coefficient of the opposite sign. To explain these observations they 
doubted whether the WSi2 phase they formed during UHV annealing of 
W thin films on Si was stoichiometrie and proposed that the excess Si was 
present at the grain boundaries. Consiclering the above discussion for TiSi2, 
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the systematic Si excess may also be related to a finite solid solubility of Si 
in the WSi2 crystal itself. 

In the above discussion on the crystallization mechanisms of an amor
phous alloy we have elucidated the role of the excess Si. It was argued that 
the solubility of Si in the C49 TiSh phase may be substantial, while it is 
negligible in the C54 TiSh phase. The precipitation of the excess Si out 
of the crystalline material may contribute to the resistivity decrease after 
crystallization. In the next section we will discuss the different contribu
tions to the resistivity of the silicide. 

3.4.2 Resistivity 

Figures 3.2 and 3.5 show the resistivity behaviour of the Ti - Si alloy thin 
films during annealing as a function of temperature. Annealing of the amor
phous alloy resulted in an irreversible drop in resistivity at a temperature of 
390 °C. X-ray diffraction and transmission electron microscopy showed that 
at this point the film fully crystallizes into the C49 TiSi2 structure with a 
grain size of 1.2 J..tm, and that this grain size remains invariable upon fur
ther annealing. By annealing at higher temperatures and/or langer anneal 
times, the resistivity of the C49 phase could be reduced while simultane
ously the temperature coefficient of the resistivity increased. The decrease 
in resistivity was accompagnied by a decreasing stacking fault density and 
a decreasing amount of dissolved Si, forming Si precipitates. 

In this section it is first discussed how the resistivity behaviour as shown 
in Figs. 3.2 and 3.5 cao be interpreted. Secondly we will discuss the effects 
of stacking faults and Si in solid salution on the resistivity of the C49 phase. 
Note that contributions to the resistivity due to grain boundary and surface 
scattering can be excluded because the typical scattering lengtbs associated 
with grain boundaries (1.2 J..tm) and film surfaces (180 nm) exceed the 
effective meao free path (3.6 nm) by orders of magnitude. 

The differences in slope ofthe cooling curves for the resistivity in Fig. 3.2 
indicate a pbonon contribution or temperature dependent part which is 
dependent on the anneal treatment, and consequently we do oot expect 
Mathiessen's rule to hold for the high resistivity samples. lnstead, Fig. 3.2 
clearly shows that after crystallization the resistivity behaviour changes 
very gradually from 'Mooij like behaviour' [Moo73] to 'Mathiessen like be
haviour'. Mooij proposed that the carrier effective meao free path cao oot 
be smaller than the interatomie spacing. The effect of such a minimum in 
the mean free path is a saturation of the resistivity and cao be described 
phenomenologically in termsof the parallel resistivity model [Gur81,All81]. 
In that description the resistivity is thought to be composed of two resistiv
ities in parallel: the ideal resistivity (Pid) which should show 'Mathiessen 
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Fig. 3.11. Ideal resistivity versus temperature curves derived from Fig. 3.2 and 

the parallel resistivity model. 

like behaviour' and a constant saturation resistivity (Psat) which accounts 
for deviations of Mathiessen's rule. 

The value of the saturation resistivity is correlated to material param
eters by Mott [Mot7 4]. For a spherical Fermi surface and one conduction 
electron per atom he finds for the saturation resistivity Psat = ha/0.33e2

. 

Substituting for 'a' the Ti - Si interatomie spacing in the C49 phase ( about 
0.27 nm) yields Psat = 340 J.J.Ocm. If the curves in Fig. 3.2 are corrected 
for the contribution of such a parallel resistivity one may obtain the ideal 
resistivity curves presented in Fig. 3.11 with Psat = (300 ± 10) J.J.Ocm. With 
the latter value of the saturation resistivity it was possible to equalize the 
slopes of the cooling curves for samples (b) through (f) in Fig. 3.11. 

The resistivity behaviour of our TiSh samples is thus interpreted in 
terms of the parallel resistivity model. The ideal resistivity is found to be
have according to Mathiessen's law, and can bedescribed by a temperature 
independent defect contribution and the temperature dependent pbonon 
contribution. After correction for the saturation effect the phonon contri
bution in the ideal resistivity is the same for all samples, represented by a 
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slope of (0.31 + 0.02) ~-tOcm/K. If the data obtained for C49 TiSiz prepared 
from diffusion couples reported in the work of Hensel et al. [Hen86,Hen87b] 
arealso corrected for the saturation effect with the same value of Psat one 
arrives at a slope of 0.27 ~-tOcm/K. Hence, after taking account of the sat
uration effect in the resistivity by the parallel resistor model the slope of 
the temperature resisitivity curves is nearly the same for material prepared 
from diffusion couples and co-sputtered materiaL Note that a saturation 
effect with a similar value of the saturation resistivity has also been used 
to explain the resistivity behaviour in some other silicides with fairly high 
room temperature resistivities, for example VSiz [Nav86a], TaSiz [Nav87] 
and NbSi2 [Nav86c]. 

We will now turn our attention to the differences in resistivity of vari
ous C49 TiSi2 samples. Consiclering the above discussion these differences 
in resistivity are expected to reflect differences in defect concentrations. 
Rather than discussing our results in terros of the ideal resistivities and the 
parallel resistivity model we will discuss our results in terms of measured 
resistivities, as this is more commonly clone in the literature on the resistiv
ity of silicides. Presenting our discuesion in terms of measured resistivities, 
uncorrected for the saturation effect, greatly facilitates a direct comparison 
with similar resitivity effects in other silicides. 

Fig. 3.12 records stacking fault densities and room temperature resis
tivities for our samples (b) to (f) and a similar co-sputtered sample which 
was annealed during an extended period of time above the crystallization 
temperature but below the transition temperature to the C54 phase. The 
figure also includes the data of Reader et al. [Rea87b]. 

Let us first consider the resistivity of the sample which is thought to 
be the least defective and hence has the lowest resistivity, i.e. C49 TiSi2 

prepared from a Ti- Si diffusion couple . Room temperature resistivities in 
the range of 50 - 70 ~-tOcm are reported for the material prepared from Ti -
Si diffusion couples [Rea87b,Hen86,Hen87b]. Hensel et al. [Hen86,Hen87b] 
determined the temperature dependent part of the resistivity for such layers 
to be about 33 ~-tOcm. If one assumes the same temperature dependent 
part to be present in the resistivity of other C49 TiSiz samples too, the 
mentioned range of room temperature resistivities corresponds to a defect 
contribution in the range of 20 - 40 ~-tOcm. 

Material grown from diffusion couples has a stacking fault density which 
is an order of magnitude smaller than that for material prepared from co
sputtered samples (see Fig. 3.8 and Reader et al. [Rea87b]) and it is not 
expected that the stacking faults can explain the high residual resistiv
ity (see further for an estimate of the resistivity contribution per stacking 
fault). It was argued in the previous section that the material grown from 
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ditfusion couples will contain an excess of Si as compared to the composi
tion of TiSi2 because of a possibly substantial solid solubility of Si in the 
C49 phase. The Si in solid salution may be accomodated by point defects 
which act as scattering centers for the charge carriers, thus increasing the 
materials residual resitivity. 

The effect of point defects on the resistivity of silicides is well docu
mented in the case of the isostructural silicides NiSi2 and CoSi2 [Hen84] 
[Sor82]. Although the temperature dependent part of the resistivity is the 
same for bath materials, NiSi2 shows a much higher residual resistivity than 
CoSi2. Hensel et al. [Hen84] concluded that the high resistivity of NiSi2 is 
due to a high density of point defects, probably antisite defects or small 
deviations from the exact 1 : 2 stoichiometry. The effect of point defects 
on the residual resistivity of NiSi2 (a bout 20 ~tOcm) is of similar magnitude 
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as the defect contribution to the resistivity of the C49 TiSi2 phase prepared 
from ditfusion couples (20- 40 J.L0cm). In analogy with the NiSi2 case we 
tend to attribute the high residual resistivity of the C49 phase prepared 
from ditfusion couples to a high density of point defects, which may be 
related to a deviation of stoichiometry. 

lt would be interesting to campare the point defect contribution to the 
resistivity for silicides to that for other conductors. For that purpose we 
need to know the actual amount of Si in the solid salution and sarnething 
about the character of the point defects in order to evaluate their concen
tration. A rough estimate for the solubility limit of Si in C49 TiSi2 can be 
obtained with the results for our co-sputtered samples. For that purpose we 
will assume that the precipitation reaction is completed for the C49 samples 
annealed in the higher temperature regime. In that situation the silicide 
is a saturated solid salution of Si. The amount of dissolved Si in sample 
(f) is just equal to the difference between the actual excess of Si as derived 
from Rutherford backscattering speetrometry (11 ± 7) * 1016 Si/cm2 (or 
8 ± 5 %) and the amount which had precipitated (1.9 ± 0.7) * 1016 Si/cm2 

(1.4 ± 0.5 %). Subtracting these Si quantities yields for the amount of Si 
in solid salution a value of (9 ± 7) * 1016 Si/cm2 (7 ± 5 %). 

Consiclering the tendency of the disilicides to farm a continuous Si net
work [Now54a,Gol67], it is reasanabie to aasurne that the dissolved Si is 
accomodated by vacancies in the Ti sublattice. In that case two substitu
tional Si atoms yield one Ti vacancy.The amount of Ti atoms as was found 
with Rutherford backscattering is (42 ± 3) * 1016 Ti/cm2. The above fig
ures combinetoa vacancy concentration on the Ti sublattice of (10 ± 7) % 
in the saturated solid solution. If these vacancies are responsible for the 
residual resistivity of C49 TiSi2 (20- 40 J.LOcm), one derives a contri bution 
of (3 ± 2) J.LOcm for each percent of vacancies. For comparison, capper 
shows a resistivity increase of 1.5 J.LOcm for each percent of vacancies and 
10 J.L0cm for each percent of interstitials [Bla57]. For impurity scatter
ing, values ranging from 0.6 to 10 J.LOcm for each percent of impurity are 
reported, depending on the valenee of matrix and impurity [Zim62] . 

We will now turn our attention to the resistivity effects in the material 
prepared from co-sputtered thin films (see again Fig. 3.12). If a crystal
lized co-sputtered C49 TiSi2 thin film is annealed at a sufficiently high 
temperature during a sufficiently long period of time (metastable) equilib
rium between Si and a saturated solid salution of Si in C49 TiSi2 will be 
established. For C49 TiSi2 samples in which the precipitation reaction is 
essentially complete, the resistivity is composed of the resistivity of the sat
urated solid salution and the contribution due to stacking faults. The solid 
line (Fig. 3.12) is thought to depiet the relation between resistivity and 
stacking fault density. Only the lowest resistivities obtained for a certain 
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material contribute to the straight solid line, because only in the samples 
with the lowest resistivities can the precipitation reaction be considered 
as complete. For the resistivity per stacking fault one derives from the 
slope of the straight solid line a value of (2.5 ± 0.5) * 10-11 Ocm2. For 
MoSi2 it has recently been found [Omm88] that the resistivity contribution 
per stacking fault is about 2.7 * 10- 11 ocm2. In recent papers Krontiras 
et al. [Kro87] and Badoz et al. [Bad87] found a temperature independent 
resistivity contribution of about 100 JLOcm in WSb due to a stacking fault 
density of about 5 * 106 /cm. The value for the resistivity contribution per 
stacking fault which was derived for C49 TiSi2 from Fig. 3.12 is thus of the 
samemagnitude as the values for MoSi2 and WSb . However, the resistivity 
contribution per stacking fault in silicides is quite large compared to that 
in pure metals. For example, Howie [How60] derived a value of 10- 12 Ocm2 

for copper. 
When we apply the same procedure to determine the resistivity contri

bution per stacking fault for our samples (b) to (f) (see Fig. 3.2 and the 
dasbed line in Fig. 3.12) we arrive at a value of about 10 * 10- 11 Ocm2, i.e. 
a value which is about three to four times larger than the values found most 
commonly in silicides. It is therefore expected that the slow decrease in re
sistivity after crystallization is nat only due to the decreasing stacking fault 
density. A second process which occurred after crystallization was the dif
fusion of excess Si out of the super-saturated solution, forming precipitates. 
This leads to a decreasing density of point defects in the C49 TiSi2 layer 
which would account for the decrease in resistivity. As we did befare we 
wil! assume that the Si in the super-saturated solid salution is accomodated 
by forming Ti vacancies. The dissolved Si just after crystallization (for ex
ample in sample (b)) amounts (11 + 7) * 1016 Si/cm2 as was found from 
Rutherford backscattering. This would lead to a Ti vacancy concentration 
of (13 ± 10) %. The resistivity effect supposedly due to these vacancies 
is (from Fig. 3.12) (100 ± 20) JL0cm, which is the total resistivity of sam
ple (b) minus the stacking fault and pbonon contribution. The resistivity 
contribution due to vacancies can thus be evaluated as (7 ± 4) JL0cm for 
each percent of vacancies and is nat significantly different from the earlier 
derived value of (3 ± 2) JLO.cm. 

Note that the inaccuracies in the above numbers are rather large. This 
is mainly caused by the sample to sample variation in Si content and the 
limited accuracy of the actual excess of Si as determined from Rutherford 
backscattering spectrometry. From Fig. 3.12 it can be concluded that the 
resistivity effect of the decreasing concentration of Si in solid salution is 
probably of similar magnitude as the effect due to the annealing of stack
ing faults. When the precipitation reaction is complete, the remaining 
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resistivity is the sum of the resistivity of a saturated solid salution of Si in 
e49 TiSi2 and the contribution due to stacking faults. 

3.4.3 Hall Effect 

The Hall coefficient in the co-sputtered samples was found to change sign 
upon crystallization (Fig. 3.10). If samples were annealed at temperatures 
ranging from 490 oe to 755 oe the Hall coefficient was found to have a 
nearly constant value of -(3.0 ± 0.3) * 10-4 cm3 ;e. Reader et al. [Rea87b] 
reported for the Hall coefficient in e49 TiSi2 prepared from a ditfusion 
couple a value of -2.8 * 10-4 cm3 je, which agrees with the Hall coefficient 
in the present co-sputtered samples. 

Note that in a one-band conduction model a simple relation between 
the Hall coefficient, the resistivity and the Hall mobility exists. In that sit
uation only two parameters are used to describe the electrical conduction 
mechanism. In a multi-band structure such a simple relation does not exist 
because different carriers may have different mobilities . The non-constant 
Hall coefficient in the low temperature regime of Fig. 3.10 (i.e. just after 
crystallization) suggests that a single band conduction model is not appli
cable in the C49 phase. Many researchers [Bad87,0mm88,Nav87,Woe84] 
[Vri88] report a change of sign of the Hall coefficient with temperature 
which indicates that a single band model is unacceptable in silicides. In
stead, many silicides are found to hebave as compensated metal conductors 
[Bad87]. Hence it appears impossible to characterize electrical conduction 
in silicides from Hall effect and resistivity measurements alone. 

3.5 Conclusions 

We have investigated the crystallization of amorphous Ti - Si alloy thin 
films with a composition slightly Si-rich as compared to the disilicide. As 
appears to be the case with many silicides, a precipitous drop in resistivity, 
which is associated with a polymorphous crystallization reaction is foliowed 
by a much more gradual decrease in resistivity with higher annealing tem
peratures. The nature of this gradual decrease in resistivity has been inves
tigated in detail with transmission electron microscopy, secondary electron 
microscopy, X-ray diffraction and Hall effect measurements. 

We have found that crystalline e49 TiSi2 samples annealed at different 
temperatures can show resistivities ranging from 210 J.L0cm just after crys
tallization to 100 J.LOcm just befare the transformation to the e54 TiSi2 
phase. The slow resistivity decrease is directly related to a decrease in 
stacking fault density from 2.8 * 106 /cm to 1.9 * 106 /cm and an increase 
in Si precipitation. 
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Resistivity measurements performed in-situ as a function of tempera
ture in the regime above room temperature were conveniently described 
with the parallel resistivity model. In this model a physical minimum for 
the carrier mean free path in heavily disordered systems is associated with 
a saturation value in the resistivity. For the C49 phase the value of the 
saturation resistivity was about 300 J.L1lcm. 

The amount of Si present in the form of precipitates in the C49 TiSi2 
phase was always much smaller than the actual excess of Si as measured 
with RBS. After recrystallization to the C54 polytype all Si had precipi
tated on the surface of the sample. We therefore concluded that the solid 
solubility of Si in the C49 phase may be substantial. The dissolved Si 
is most probably accomodated by the creation of Ti vacancies or Si atoms 
substituted on the Ti sublattice. Precipitation of Si caused the point defect 
concentration in the crystalline material to decrease. 

The slow resistivity decrease after crystallization was found to be related 
to both the decreasing stacking fault density and the decreasing density of 
point defects in the crystalline materiaL The residual resistivity of the 
C49 TiSi2 phase remains high even if the stacking fault contribution is 
negligible. The high residual resistivity was attributed to the presence of 
point defects. The resistivity per stacking fault was found to be similar to 
that in other silicides (2.5 * 10-11 1lcm2). The point defect contribution 
was found to be a few J.L1lcm for each percent of point defects. 

The Hall effect is practically constant in the regime of the slow resistivity 
decrease. Besides that, after correction of the resistivities for the above 
mentioned saturation effect, the slope of the temperature- resistivity curves 
was found to be independent of the defect concentration in the silicide. The 
effect of stacking faults and point defects then is probably only to decrease 
the mobility or the mean free path of the carriers. Hall coefficients and 
resistivity alone appeared to be insufficient to describe electrical conduction 
in silicides. 

At higher temperatures ( about 800 °C) the C49 TiSi2 phase recrystal
lizes into the C54 TiSi2 phase. The resistivity of the latter phase was always 
low (a bout 18 J.L1lcm) regardless of the crystalline quality of the C49 TiSi2 
material from which it was prepared. The reproducably low resistivity of 
the C54 polytype is probably correlated to the elimination of all stacking 
faults and the precipitation of the larger part, if not all, of the excess Si 
during the phase transformation This contrasts the behaviour of the resis
tivities in MoSi2 and WSi2 where stacking faults are introduced during the 
hexagonal- tetragonal phase transformation and can only be annealed out 
at much higher temperatures [Omm88] . 
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Chapter 4 

Crystallization Kinetics 
Ti - Si Alloys 

4.1 Introduetion 

59 

• lll 

Microstructural changes in silicides upon thermal treatment are stuclied 
quite extensively during the last decade [Heu82,Mur83,Cho83] because of 
the possible application of silicidesin state-of-the-art and future integrated 
circuits. The electrical characteristics of silicides range all the way from 
those of metallic conductors to those of semiconductors [Mur83,Nic83] and 
one of the technologically most important properties of a silicide is proba
bly its resistivity. Changes in the microstructure of a particular silicide are 
strongly reflected in changes in the resistivity of that silicide. Besides that, 
resistivity is a property which is easily measured in a variety of ambients 
( vacuum, high temperatures etc.). The facts that resistivity is so conve
niently measured and that it is very sensitive to the microstructure suggest 
that the evolution of the resistivity with thermal treatment may be used 
as a tooi to characterize the phase transformations and the development of 
the microstructure in a silicide. 

A great deal of papers report studies on the crystallization reactions 
in co-deposited silicides with the aid of in-situ resistivity measurements 
[Wei86, Tho87 ,Nav85,Nav85a,N av85b,Nav86a,N av86b,Tie83]. Resistivity 
values measured during crystallization are used to derive the crystallized 
or transformed fraction as a function of time by a simple linear interpola
tion between the initia! and final values of the resistivities. The so deter
mined transformed fraction is fitted to the (Johnson-Mehl-)Avrami equa
tion [Joh86,Avr39,Avr40,Avr41]. The obtained results (usually the Avrami 
exponent n and a sort of effective activation energy) are then related to a 
particular crystallization mechanisms. The measurement of such a macro-



60 Crystallization Kinetics 

scopic property as the resistivity ( or similarly an optical constant or the 
heat released) during the crystallization process is rather simple. Unfortu
nately, the physical meaning of the obtained parameters for the microscopy 
of the process is not clear because the effects of the nucleation and growth 
of many different crystallites are combined in the temporal evolution of 
only one parameter. More detailed knowledge on the microscopicy of such 
crystallization reactions may be obtained with, for example, in-situ anneal
ing in a transmission electron microscope (TEM) [Raa87 a,Raa87b, Wei86] 
( see chapter 2). 

In the previous chapters the phase transformations in Ti - Si alloys were 
characterized by in-situ TEM, in-situ resistivity measurements and X- ray 
diffraction (XRD). In the formation of the low resistivity e54 TiSi2 phase 
from co-sputtered material three different stages could be identified, each 
of which was associated with a charaderistic change in the resistivity. The 
first sharp drop in resistivity at temperatures of about 300 oe could be 
associated with the crystallization of the amorphous alloy to the e49 TiSi2 
phase [eot56,Hou86] . This crystallization reaction was found to take place 
via (random) nucleation and growth of crystallites in the amorphous ma
trix. The gradual decrease of the resistivity just after crystallization was 
found to be due to the annealing of stacking faults and point defects. Fi
nally the second sharp drop in resistivity at temperatures of about 800 oe 
could be associated with the e49 - e54 polymorphous phase transition 
[Lav39]. 

The present investigation seeks to combine the knowledge gathered in 
the microstructural studies ( chapters 2 and 3 respectively) with measure
ments of the kinetics of the changes in resistivity. Insection 4.2.1 a critica! 
discussion on the interpretation of resistivity measurements in terms of 
Avrami kinetics will be presented. Rather than starting from the physi
cally unrealistic assumption that the resistivity of a binary random mixture 
is linear in its composition we will define two extreme ways of interpreting 
such resistivity measurements. Under certain conditions these extremes ap
pear not to yield drastically different results and the kinetic parameters of 
the Avrami equation may be obtained with only a small systematic error. 
The kinetics of the different processes will be derived from in-situ resistivity 
measurements during isothermal anneals (section 4.4.1). Where ever possi
ble, a physical meaning will be attached to the effective activation energies 
for the total process as obtained from the in-situ resistivity measurements, 
and to the activation energies for nucleation or growth obtained from the 
in-situ TEM investigations ( chapter 2). The significanee of nucleation phe
nomena in the various phase transformations will be addressed. 

The kinetic parameters are of course dependent on the composition 
of the starting materiaL In order to arrive at a complete picture of the 
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crystallization reactions in the Ti - Si system it is of interest to deter
mine the composition dependenee of the kinetic parameters . Therefore, 
section 4.4.2 reports measurements of the crystallization temperature of 
various Ti- Si alloy thin films in a wide composition range (20 at. % Si to 
89 at. % Si). The pertinent absence of conformities between the thermal 
stability ( or crystallization temperature) of the amorphous alloy and cer
tain charaderistic features in the phase diagram (like deep eutectics) will 
be discussed. The measured composition dependenee of the crystallization 
temperature has some consequences for the interpretation of the observa
tion that an amorphous silicide can be grown from Ti - Si ditfusion couples 
[Hol87,Raa88a,Raa88b], which will also be discussed. 

4.2 Reaction Kinetics and Resistivity Measure
ments 

4.2.1 General 

An alloy which is in a metastable state a (for example the amorphous 
state if a crystallization reaction is considered) may transfarm to a state {3 
in order to decrease its Gibbs free energy. Such a transformation usually 
requires two steps [Chr81]: {i) the formation of super-critica! {3 nuclei in 
the a matrix and (ii) the subsequent growth of these {3 regions . In an 
in-situ transmission electron microscopy (TEM) heating experiment (see 
chapter 2) one is able to distinguish between these two processes. Thus 
separate data for the temperature dependenee of the nucleation and growth 
rate may be obtained. In order to characterize a phase transformation it 
is sametimes more practical or convenient to measure some macroscopie 
property of the material during the transformation (like the resistivity or 
some optica! constant). Unfortunately, the changes in such a macroscopie 
property during the transformation depend in a less direct way on the 
nucleation and growth rates of individual {3 regions. 

In this section it is described firstly how the nucleation and growth 
rates of separate {3 regions in an a matrix determine the transformed frac
tion as a function of time and temperature. Secondly, the relation between 
the transformed fraction and the resistivities of the initia! (a), partially 
transformed, and final ([3) state will be addressed. In bulk samples a trans
formation usually occurs by nucleation and growth in three dimensions. In 
our thin film samples it appeared that the film thickness (50 - 200 nm) is 
small compared to a typical dimension of a growing {3 region ( 1 - 5 J.lffi). 
Although initially the {3 regions are small compared to the thickness of the 
film and are growing in three dimensions, the major part of the transforma-
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tion occurs by two-dimensional growth of (3 nuclei. Therefore, all equations 
will he presented in their two dimensional farm. 

4.2.2 Avrami Kinetics 

Let us suppose that the formation of super-critica! nuclei of material (3 in 
a matrix consisting of material a occurs at a nucleation rate J (m- 2s- 1). 

At this stage it is irrelevant whether heterogeneaus nucleation on surfaces 
or defects or homogeneaus nucleation within the material is the dominant 
mechanism. Let us further assume that the linear growth rate r (ms- 1) 

is isotropic. In the initial stages of transformation the (3 regions will he 
well separated and show negligabie overlap. In the limit of small t, the 
transformed fraction Ç after a time t is simply given by the integral: 

( 4.1) 

In later stages of the transformation process the (3 regions will impinge mu
tually. This geometrical impingement problem is well known and was ana
lyzed by Johnson et al. [Joh86] and Avrami [Avr39,Avr40,Avr41]. Avrami 
identified the integral in Eq. 4.1 with the so-called extended transformed 
fraction Ço. The extended transformed fraction has to he corrected for 
the multiply counted (3 regions to yield the actual transformed fraction Ç. 
The extended transformed fraction Ço is related to the actual transformed 
fraction Ç with the differential equation: 

dÇ 
- = 1-Ç 
dÇo 

(4.2) 

Combination of Eq. 4.1 and 4.2 yields for the actual transformed fraction 
Ç after correction for mutual impingement: 

(4.3) 

The integral in the exponential farm can only he evaluated if additional 
assumptions on the growth rate and the nucleation rate as a function of 
time are made. Avrami generalized Eq. 4.3 to: 

Ç = 1- exp[-~t.t"] ( 4.4) 

where K and nare time independent constants fora specific transformation. 
In the remainder of the text Eqs. 4.3 and 4.4 will he referred to as the 
Avrami equation and the generalized Avrami equation respectively. From 
the farm of Eq. 4.4 it can he seen that a plot of ln[ -ln(1 - Ç)] versus 
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ln(t) yields a straight line with a slope equal to n. The value of n relates 
to the 'mode' of transformation. For example, in the simplest case one 
may assume two dimensional growth with a constant growth rate from 
preexisting ( quenched-in) nuclei. In that case the nucleation ra te would 
formally bedescribed by a delta function peaked at t = 0 and, by evaluating 
the integral in the Avrami equation, one finds that the value of n equals 
2. Another simpte case is that of a constant nucleation rate and a constant 
growth rate. The latter case would correspond toa value of n of 3. A more 
detailed list of n-values for several processes is listed in the literature, for 
example in the monographof Christian [Chr81]. 

The temperature dependenee of the (steady state) nucleation and growth 
rates occurring in the integral of Eq. 4.1 and Eq. 4.3 is frequently described 
in the form of a simple Arrhenius type relation [Gre85,Kos81,Ran81,Hei81]. 
for the (steady state) nucleation rate: 

and for the growth rate: 

[ 
En 

J = Joexp - ---- ] 
kT 

(4.5) 

(4.6) 

where En and Eg denote the activation energy for the nucleation and growth 
process respectively. Jo and ro are preexponential factors which depend 
in detail on the particular nucleation and growth process involved. The 
Arrhenius type behaviour of the nucleation and growth rate is also reflected 
in the temperature dependenee of the 'rate constant' K, and in many cases 
K also behaves according to an Arrhenius temperature dependenee with 
an effective activation energy E!f f . The effective activation energy E!f f 
for the total transformation process may be calculated by evaluating the 
integral in the Avrami equation (Eq. 4.3) . In the simple case of a constant 
nucleation and growth rate one finds for the effective activation energy from 
Eqs. 4.3, 4.5 and 4.6: 

E ef f - 2E + E - n Eef f tt - g n- · r (4.7) 

For other cases similar relations are easily derived . It is frequently more 
convenient to plot a charaderistic transformation time, for example the 
time Tc needed to transform a fraction ~ = 1 - e- 1 (about 63 .2 %) of 
the sample. (This time just corresponds to the time where the product Ktn 

reaches a value of 1) . If K shows Arrhenius type behaviour, the reciprocal of 
the charaderistic time Tc will also show Arrhenius type behaviour, but the 
effective activation energy will differ from that derived from K by a factor 
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1/n and is thus a sort of weighted average of the activation energies for 
nucleation and growth. More detailed treatments on the effective activation 
energy ofreactions which can he described by an Avrami type equation are 
described in literature [Ran81,Ran80]. 

The above shows that by measurements of the total transformed frac
tion as a function of time (e.g. by resistivity measurements or differential 
scanning calorimetry) one cannot separate the contributions to the activa
tion energy which are due to the nucleation and growth process. Although 
the measurement of a macroscopie property is experimentally simpler than 
for example in-situ electron microscopy experiments the physical meaning 
of the derived activation energies may he somewhat blurred. 

4.2.3 Transformed Fraction and Resistivity 

While interpreting resistivity measurements during crystallization or other 
solid state phase transformations many authors tacitly aasurne that a simple 
linear relation exists between the transformed fraction and the resistivity of 
the partially transformed sample [Tho87,Nav85,Nav85a,Nav85b,Nav86a] 
[Nav86b,Tie83]. Weiss et al. [Wei86] attempted to check such a resistiv
ity - composition relation by correlating resistivity measurements with es
timates of the fraction transformed from transmission electron microscopy 
(TEM) micrographs. They report that the electrical conductivity is linear 
in the fraction transformed upto a fraction of 35 %. A problem we have is 
that Weiss et al. used a linear interpolation of the resistivity to interpret 
their data in the remainder of their paper. In the following it will become 
clear that linearity in conductivity and resistivity in fact are the two most 
extreme situations of a resistivity - transformed fraction relationship. 

In this section the validity and the extremes of relations between the 
transformed fraction € and a macroscopie property of the partially trans
formed binary mixture will he investigated. For that purpose we will use a 
fictituous transformation in which the transformed fraction Ç is described 
by Eq. 4.4 with n = 3. The resistivity behaviour of the specimen during 
the transformation will he calculated under different assumptions of a Ç - p 

relation. The present discussion is focussed on the behaviour of the electri
cal resistivity of the mixture with composition [Lan52,Lan78], but it may 
equally well he applied to other macroscopie properties like the dielectric 
constant [Asp79,Asp82]. 

An obvious guess to descri he the transformed fraction Ç in terrus of the 
resistivities Pa,f3 (or conductivities ua,f3) of the pure materials a and (3 is a 
simple linear interpolation, viz: 

(4.8) 
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Fig. 4.1. Resistivity as a function of reduced time (t/rc) for two extreme ml

crostructures. Regardless of the samples actual microstructure, its resistivity al

ways is in between the two limiting cases (shaded region). This figure was cal

culated with the aid of the A vrami equation with n = 3 and a resistivity change 

from 10 ( arbitrary) units to 2 units. 

where the index p attached to the symbol for the transformed fraction 
( €) indicates that the fraction Çp has been derived under the assumption 
of linearity in resistivity. The above relation would describe the series 
resistivity of a sample consisting of separate layers of o: and f3 material and 
is thus an upperlimit for the resistivity of the mixture (see Fig. 4.1). The 
obvious alternative guess describes the parallel resistivity of such a layered 
sample, viz: 

(4.9) 

where the index u indicates that the transformed fraction Ea is assumed to 
behave linear in the conductivity. The latter situation is a lower limit of 
the resistivity ofthe binary mixture (see Fig. 4.1). The actual situation will 
not correspond to either of the above mentioned cases, but the resistivity 
will always assume a value in between the two extremes, indicated by the 
shaded area in Fig. 4.1. 

Solving the Eqs. 4.8 and 4.9 for €P and €a and comparing the two 
transformed fractions shows that they are related according to: 

{4.10) 
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The difference between Çp and €a is smaller the smaller the difference in 
resistivity of the pure phases a and (3. This implies that for transforma
tions during which the resistivity changes are small, it is nat critical what 
specific approach one uses to determine the transformed fraction from the 
resistivities. However for transformations which result in large resistivity 
changes, say a factor of 2 or larger, the value of the resistivity of the par
tially transformed binary mixture will depend in detail on how the (3 phase 
is dispersed in the a matrix. Unfortunately such microstructural properties 
of the sample are nat aften known a priori. 

More elaborate treatments to interpolate in a reasanabie way between 
the extreme situations are described in literature. For example the Brugge
man [Bru35] effective medium approximation is very aften used to de
scribe the resistivity of a binary mixture as a function of composition 
[Lan52,Lan78,Lac86]. The present section is nat intended to review and 
evaluate all composition- resistivity relations which are described in litera
ture. Instead, an indication will be given of the magnitude of the systematic 
errors in the kinetic parameters which can be expected if an erroneous re
sistivity - composition relation is assumed. 

Let us first assume that the samples resistivity as a function of composi
tion during transformation is best described by a set of resistors in parallel 
(Eq. 4.9). Furthermore let us assume that the actual transformed fraction 
( €a) as a function of time is in deed governed by the generalized A vrami 
equation (Eq. 4.4). As an example we will again taken = 3 in the present 
calculations, but this is by no means a restrietion to the generality of the 
discussion. Under the above assumptions one may calculate a and p = a- 1 

as a function of reduced time (t/rc)· If we now use the calculated resistivity 
path as a function of reduced time as a fictitious measured resistivity path, 
and determine the fraction transformed ( Çp) under the other extreme as
sumption of resistors in series (Eq. 4.8), Çp can generally nat be described 
with an Avrami type equation. 

The result of this exercise is depicted in a graphof ln[-/n(1- Ç)] versus 
ln(t) in Fig. 4.2. The result is calculated for Pa. = 10 and Pa./ P/3 = 10,5 
and 2. In the limit of Pa./ P{3 --+ 1 the curves €a and Çp as a function of 
reduced time are the same. For values of Pa. and P/3 substantially different 
from unity large deviations from a straight line are observed (Fig. 4.2). If a 
sart of 'best fit' straight line is estimated through the curves in the region 
of interest (say between 1 % and 99 % transformation) values of n result 
which are significantly different from the model value ( n = 3). 

The above discussion illustrates that significant deviations may occur if 
wrong assumptions are used to determine the transformed fraction from the 
resistivity especially if the relative change in resistivity during the transfor-
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mation is large. In practice it is convenient to determine the transformed 
fractions starting from both extreme assumptions, i.e. Çp from Eq. 4.8 and 
Ç0 form Eq. 4.9. Both these quantities are then plotted in a graph of 
lnl-ln(l- Ç)J versus ln(t)) and one chooses the best approach simply by 
judging which model yields transformed fractions which are best described 
by a single straight line. The differences in slope are representative for 
possible systematic errors in the value of n. 
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Fig. 4.2. The effect of erroneous assumptions in the transforn1ed fraction - re

sistivity relation on the measured kinetic parameters. (a): ln[ln- (1- Ç17 )] as a 

function of the logaritlun of the reduced time t/r. Practical transformed fraction 

detection limits are indicated (about 1 % and 99 %). (b) : Starting from data de

picted in (a), the transformed fraction has been calculated under the assumption 

of linearity in resistivity, i.e . according to Eq. 4.8. The largest deviations from 

the Avrami equation are observed for large changes in resistivity (Pa/ pp) during 

transformation. 
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4.3 Experimental 

Different layers of a Ti - Si alloy were deposited on thermally oxidized 
silicon wafers. The details of the deposition of these films were described 
previously (see chapter 2). The composition of the alloy thin films was 
derived from Rutherford backscattering spectrometry. 

The amorphous thin films were annealed in high vacuum. The resistivity 
of the thin film was measured in-situ during the anneal as described earlier 
in chapter 3. Isothermal anneals at temperatures in the range of 250 oe 
to 850 oe and ramped (rate 0.1 oejs) temperature - resistivity curves 
were recorded. Befare and after annealing the crystalline phases in the 
samples were identified with an X-ray diffractometer with a conventional 
28 geometry and euKo: radiation. 

4.4 Results and Discussions 

4.4.1 Kinetic Aspects 

Kinetic measurements were performed on samples with a layer thickness 
of about 200 nm and a composition somewhat Si-rich compared to that 
of the disilicide (Ti/Si = 0.44 ± 0.04 or 69 ± 2 at. % Si). Three different 
stages can be distinguished during the formation of the final equilibrium 
e54 TiSi2 phase from the nearly stoichiometrie amorphous starting material 
(see Fig. 3.2): (i) a fast drop in resistivity associated with the crystallization 
of the amorphous alloy; (ii} a gradual decrease in resistivity just after 
crystallization due to the annealing of stacking faults and point defects 
and {iii} a second sharp drop in resistivity associated with the e49 - e54 
polymorphous phase transition. 

In the following the kinetica of the above mentioned processes wiJl be 
investigated. For that purpose, the resistivity of the samples was measured 
during isothermal anneals. As discussed before, the resistivity or the con
ductivity of the sample was used as a linear measure of the crystallized 
fraction. Assuming that the transformations obey the Avrami equation 
the Avrami exponent n was determined from a plot of ln( -ln(l- Ç)) ver
sus ln(t) . The effective activation energy (E;ff) was determined under 
the assumption of Arrhenius type behaviour of the characteristic time Tc. 

The next figures depiet the kinetica of the various transitions occurring 
in the Ti - Si system. Fig. 4.3 shows the Arrhenius type behaviour of Tc 

for the three different reactions. The subsequent three figures (Fig. 4.4 to 
Fig. 4.6) show results for the crystallization, precipitation and e49 - e54 
phase transformation processes respectively, in terms of the generalized 
Avrami equation (Eq. 4.4). 
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(i) Crystallization 

The kinetics of the crystallization reaction at temperatures of about 250 °C 
are depicted in Fig. 4.4. In Fig. 4.4a the two limiting cases of the resis
tivity - transformed fraction relation are outlined. The magnitude of the 
drop in resistivity during the crystallization process is only 15 % of the 
original value. As expected, no large differences are found for the upper 
and lower limit of Ç. The A vrami equation appears to give a remarkable 
good description of reality. 

In the whole investigated temperature range the Avrami exponent n 
(from the slope of the solid lines) is found to be near the value of 3, in
dicating a constant nucleation rate and a twodimensional growth process. 
This result is consistent with the results presented in chapter 2. There it 
was shown that the amorphous thin films crystallize by a (random) nucle
ation and growth mechanism. The grain diameter was found to be much 
larger than the film thickness so that the dimension of growth is 2. 

The characteristic time Tc is recorded as a function of reciprocal temper-
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Fig. 4.3. Arrhenius plot of the characteristic time for 1 - 1/ e transformation. 

Solid dots are from isothermal anneal treatments, while open dots are derived from 

ramped anneal treatments. The three curves depiet from left to right the C49 -

C54 transformation, the precipitation and the crystallization reaction respectively. 

Effective activation energies are indicated in the figure. 
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Fig. 4.4. Kinetics of the crystallization reaction according to the A vrami equation. 

(a) Transformed fractions according to the two extreme approaches (see text) (b) 
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ature in Fig. 4.3. The slope of the straight lines in this figure is a weighted 
average between the activation energy for growth and that for nucleation 
(see Eq. 4. 7). For the total crystallization process we find an effective ac
ti vation energy (E;Jf) of (1.1 ± 0.1) eV. Let us now calculate the effective 
act i vation energy E:f f with the independent val u es for En and Eg as deter
mined from the in-situ TEM experiments described in chapter 2, and the 
experimentally obtained value of n (3.0 ± 0.1). From the results presented 
in chapter 2 we find for the activation energy for the growth rate of crystals 
(see Fig. 2.7): Eg = (1.2 ± 0.1) eV. As a rough estimate for the activa
tion energy of nucleation we obtained a value of En = (2.4 ± 0.6) eV. 
From Eq. 4.7 we find for the effective activation energy E:ff a value of 
(1.6 ± 0.3) eV, which appears to be somewhat higher than the value ob
tained from the present experiments: ( 1.1 ± 0.1) eV. The difference is 
probably caused by differences in experimental circumstances. Note that 
the experiments reported in chapter 2 were carried out on Ti - Si alloy thin 
films supported by a relatively thin and flexible Si3N4 membrane, while 
the present experiments were carried out on the same thin films, but now 
supported by a rigid oxidized Si substrate. 

A similar study was undertaken by Thompson et al. [Tho87]. They 
reported an Avrami exponent of (1.8 + 0.3) for the crystallization reaction, 
which is much smaller than the Avrami exponent which was found in the 
present samples (3.0 ± 0.2). Low values of the Avrami exponent are fre
quently indicative of nucleation saturation in an early stage of the reaction 
or growth from preexisting (quenched) nuclei. Thompson et al. [Tho87] 
reported an effective activation energy of 1.5 e V, a value which is some
what larger than the value found in the present work. According to the 
results presented in Fig. 4.8 (see further) deviations of TiSiz stoichiometry 
may lead to a larger activation energy for crystallization. In their TEM 
micrographs one observes that the grains of their completely crystallized 
thin film are more like the eutectically formed crystallites in our Si-rich 
(aTi23Sin) samples (see Fig. 2.6a) than they resembie the polymorphically 
grown crystals in our aTi31Si69 alloy. Therefore the larger activation en
ergy as found by Thompson may be caused by small deviations from the 
TiSi2 stoichiometry in their samples. 

(ii) Precipitation 

It was shown in chapter 3 that the resistivity of the C49 TiSi2 phase slowly 
decreases upon annealing at higher temperatures and during langer peri
ods of times. The resistivity decrease was associated with the annealing of 
stacking faults and point defects and resulted in an increasing Si precipita
tion at the surface of the sample. It is of interest to investigate the kinetics 



72 Crystallization Kinetics 

a. 

~ 0.5 

x • • 
0.0 L-----------~-------·--~·~----------~----~ 

0 50 100 
v'T-im_e_(_S_,) I 

150 

Fig. 4.6. Kinetics of the precipitation reaction. A linear decrease of 1 - Ç,, with 
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of this reaction and to determine which activated process plays a role in 
the precipitation reaction. 

The precipitation reaction differs from the crystallization process in that 
it corresponds to excess Si diffusing to the surface of the thin film. This 
will result in a decreasing solute concentration (in addition to the decreas
ing stacking fault density) in the silicide, which changes the resisitivity of 
the matrix as a whole. The boundary conditions for many precipitation 
problems [Chr81.] tend to be of such complexity that the ditfusion equation 
cannot be solved exactly. Furthermore, in this work the average resistivity 
of the sample is measured. Gradients in the resistivity, associated with 
solute concentration gradients, are not noticed so that experimental results 
can only be interpreted semiquantitatively. 

We define a dimensionless super-saturation 8 by: 

(4.11) 

where c represents the concentration of solute and c0 and c00 the concen
tration of solute in the matrix at the start and at the end of the reaction 
respectively. In the case of a homogeneaus concentration of solute c, and if 
a linear relation between resistivity and solute concentration is valid, it can 
easily be derived that the dimensionless super-saturation 8 corresponds to 
1 - Çp where Çp has been defined in Eq. 4.8. 

In Fig. 4.5 we show the above defined super-saturation versus the square 
root of the anneal time. In the entire temperature range the square root 
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time dependenee suggests that the temporal evolution of the above defined 
super-saturation 8 can be described by a solution of the non-stationary 
ditfusion equation. The absolute value of the slope of the straight lines in 
Fig. 4.5 then is related to an effective ditfusion coefficient. One can define a 
characteristic time Tc like in the previous section. From Fig. 4.3 one obtains 
for the effective activation energy in Tc a value of (2.0 ± 0.2) eV. 

lf ditfusion of Si through crystalline e49 TiSi2 is the dominant basic 
process during the precipitation reaction the value of the activation energy 
of the process would be that of the activation energy for Si ditfusion through 
crystalline TiSi2. In growth experiments of the e49 TiSi2 phase in Ti - Si 
ditfusion couples (where it has been established that Si ditfusion is rate 
limiting [Mae86,Mae87,Bag80] (see also chapter 5) one finds values of the 
activation energy of about 1.8- 2.2 eV [Hun83] (see chapter 5), so indeed 
near the activation energy of the precipitation reaction. 

(iii) C49- C54 Transformation 

In the temperature range from 650 oe to 850 oe the alloy thin films trans
form from the e49 TiSi2 phase to the stabie e54 TiSi2 phase. This trans
formation is associated with a second precipitous drop in resistivity from 
about 100 J.LOcm toabout 18 J.LOcm. In Fig. 4.6 the transformed fraction as 
calculated from the observed resistivity values is plotted versus anneal time. 
Fig. 4.6a shows the differences between the two extreme situations, parallel 
or series resistivities. The drop in resistivity is quite large in the case of 
this polymorphous phase transformation, and consequently the differences 
observed are larger than those observed in the crystallization reaction ( see 
Fig. 4.4). A comparison of the deviations of the two extreme approaches 
with a straight line (least square fit) in the insert of Fig. 4.6a shows that 
the best approach is to determine the transformed fraction from a linear 
interpolation between the initial and final values of the resistivity. If a 
linear conductivity-composition relation is assumed significant deviations 
of the fit to the Avrami equation are observed in the central region of the 
transformation ( 10% < Ç < 90%). In the very start and at the very end 
of the transformation deviations from the straight line are observed. The 
values of Ç derived from a linear interpolation in resistivity seem to fit the 
straight line better in the lower transformed fraction regime, while values 
of Ç derived from a linear interpolation in conductivity fit the straight line 
better in the higher transformed fraction regime. Depending on which of 
the two extreme approaches we use, a value of 2.8 or 3.1 is found for the 
Avrami exponent. 

Fig. 4.6b shows the transformed fraction (as derived from a linear inter
polation in resistivity) versus anneal time at different temperatures. The 
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slopes of the straight lines correspond to an Avrami exponent of (2 .9 + 0.1). 
Grain sizes are observed to be larger in the C54 phase than in the C49 phase, 
being much larger than the thickness of the thin film. Again, the observed 
value of the Avrami exponent is consistent with two dimensional growth 
and a constant nucleation rate. 

The activation energy for the transformation can be derived from the 
straight line in the high temperature region of Fig. 4.3. The effective acti
vation energy is found to be very large: (4.5 + 0.8) eV which agrees well 
with the value of 4.4 eV reported by Thompson et al. [Tho87]. The re
duced activation energy ( Eeff j kT m, where Tm the melt temperature) is 
very large ( about 30) compared to typical reduced activation energies for 
self-diffusion in close packed metals (18 + 3. [Ash80]). This is an indication 
that nucleation plays a profound role in the process. 

The participation of critica! nuclei in the nucleation process is usually 
described by a Boltzmann factor containing the energy of formation of a 
critica! nucleus. The nucleation rate can be written as in Eq. 2.4, i.e. as 
a product of the Boltzmann factor and a factor containing the activation 
energy for growth of the critica! nucleus. The effective activation energy of 
the total reaction was shown to be equal to a weighted average of the acti
vation energies for nucleation and growth (Eq. 4.7). Thus the contribution 
of the formation energy of a critica! nucleus ( contained in the Boltzmann 
factor as Ec) to the total activation energy for nucleation (En) may enlarge 
the effective activation energy ( E;f f) for the tot al transformation to the 
observed values. Unfortunately it was not possible to actually see growing 
C54 crystals in the crystalline C49 matrix during in-situ annealing in a 
TEM. 

In classica! nucleation theory the critica! radius re of a spherical nucleus 
of (:J material in an a matrix can be expressed as [Heu88,Chr81]: 

2 la {3 r - - --'-··
c - cv 

a,{3 

(4.12) 

where ïa,f3 is the (isotropic) interfacial energy between tha a and (:J phases 
and c~.f3 is the free energy change of the phase transformation per unit 
volume. The energy of formation of such a nucleus of critica! size can be 
written as: 

161rï~ (3 G - , 
c - 3 (Gv )2 

a,(3 

(4.13) 

In principle the radius and formation energy of a critica! nucleus can be cal
culated from the above equations. However, the interfacial energies and the 
difference in volume free energy between the C54 and C49 TiSi2 polytypes 
are not known. Furthermore, there are other factors which inftuence the 
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nudeation behaviour in these thin solid film reactions, notably mechanica! 
strain and the presence of surfaces, interfaces and grain boundaries. 

A rough estimate of the change in free energy upon transformation 
( G~.,a) may be obtained from the following. Firstly, because of the chemica! 
and structural similarity of the polytypes of TiSi2 [Hen86,Hen87b,Hou86] 
(see chapterl) the enthalpy change for the phase transition is probably only 
a fraction of the heat of crystallization (0.11 eV /atom [Kem82,Raa86]), i.e. 
of the order of 0.01 eV jatom. Secondly, from Kaufmans data [Kau79] one 
may obtain estimates of structural contributions to the free energy of forma
tion. For example, the free energy difference between a hypothetical body 
centered cubic and a hexagonal close packed alloy of TiSi2 stoichiometry 
is only about 0.05 eV jatom. Thirdly, it is not known at present whether 
the C49 phase is a metastable phase or rather a low temperature modifi
cation of the C54 phase. If the C49 phase is a low temperature phase the 
free energy difference is principally zero at the transformation temperature. 
From the above arguments it is concluded that an upper limit for the free 
energy change in the C49- C54 transformation is at most 0.05 eV jatom 
(6 * 108 Jjm3

). 

A quantitative estimate for the interfacial energy between the two TiSi2 
polytypes is even more difficult to obtain. It is observed that at tempera
tures just slightly above the transformation temperature to the C54 phase 
the TiSi2 film shows effects of grain boundary grooving [Hov88]{see for ex
ample Fig. 3.9), which may indicate a rather high surface energy of the 
C54 phase. Surface energies of free solid surfaces are reported to be in the 
range of 0.5 to 2 Jjm2 [Mur75]. Interphase boundaries tend to have free 
energies near to that of high angle grain boundaries in pure metals, for 
which a value near 1/3 of the value for the free surface is an acceptable 
average [Mur75]. Thus, an estimate of the interfacial energy of the C54 
phase in the C49 matrix is about 0.3 J jm2 . 

Inserting the above estimates in Eq. 4.12 yields for the radius of a critica! 
nucleus an approximate lower limit of 1 nm. An estimate for the free energy 
of such a critica! nucleusbasedon Eq. 4.13 is 25 eV. This number has only 
qualitative meaning: the nucleation harrier can never be surmounted by 
the thermal motion of the atoms. Consequently, since nucleation of the 
C54 phase is observed to take place at reasanabie temperatures, the actual 
nucleation mechanism can not be a homogeneaus one (as is assumed in 
the derivation of the above equations) but rather will be heterogeneaus 
at surfaces, grain boundaries or interfaces. The very low values of G~ . .B 

will cause the net volume free energy gain of a critica} nucleus to he very 
sensitive tostrain in the C49 TiSi2 phase [Chr81]. This is corroborated by 
observations that the C49 - C54 transformation temperature depends on 
film thickness [Hou86] and grain size [Hou87]. 
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In conclusion, since the radius and free energy of a critica! nucleus are 
probably extremely large, the nucleation process must be very important in 
the e49- e54 polymorphous phase transformation. Large changes in the 
transformation temperature may be brought about by only small variations 
in the effective activation energy. These small variations in the activation 
energy can be caused by mechanica! strain and the actual state of interfaces 
and surfaces in the silicide thin films. 

4.4.2 Composition Dependenee of Crystallization Temper
ature 

In order to investigate the crystallization temperature of Ti - Si alloy thin 
films, Ti - Si alloys of different compositions (20 to 89 at. % Si derived 
from Rutherford backscattering speetrometry (RBS)) were deposited on 
thermally oxidized (600 nm) Si substrates. An estimate of the geometrical 
thickness of the alloy thin films can be derived from the RBS spectra if 
assumptions are made on the Ti and Si rnalar volumes in the alloy thin 
film. Assuming the bulk rnalar volumeforTi (V~i = 18 * 10-24 cm3 ) and 
for Si the rnalar volume in its 'metallic' form (V~ = 12 * 10-24 cm3 ) a 
thickness of about 70 nm was calculated. The thickness of the films varied 
somewhat ( ± 20 nm) with composition , the Ti-rich films being thicker 
than the Si-rich films . Within the films impurities like e and 0 were not 
present above the RBS and Auger detection limit which was estimated to 
be about 0.5 at . %. Some argon was incorporated in the thin films during 
the deposition processin the films with a large Si content (maximum about 
3 at. % for the Si-richest film). All as-deposited thin films were found to 
be amorphous according to X-Ray diffraction. 

The above described alloy thin films were heated in vacuum with a con
stant heating ra te of 0.1 oe Is. Resistivity-temperature curves similar to 
those presented earlier in Fig. 3.2 and characterized by one or sametimes 
two sudden drops in resistivity were obtained. lt was shown in chapter 3 
that for the stoichiometrie TiSi2 alloy the sudden drop in resistivity at 
about 300 oe is associated with crystallization. For the other alloys, X-ray 
diffraction of as-deposited samples and samples annealed at temperatures 
just beyond such a precipitous drop in resistivity confirmed that crystal
lization had occurred. The temperature at which the resistivity reaches 
a value intermediate between that of the amorphous and that of the crys
talline state is identified as the crystallization temperature of the alloy. The 
crystallization temperature was measured at a heating rate of 0 .1 oefs in 
these experiments. 

The phases in the samples just after crystallization were identified with 
the aid of X-ray diffraction. Some representative examples of diagrams from 
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our crystallized alloys are shown in Fig. 4.7. In the TiSi2 - Si two-phase 
region (top part of the figure) all reflections are found to originate from the 
e49 TiSi2 phase [eot56,Hou86] or polycrystalline Si. In the intermediate 
composition range unique identification of the constituting phases of the 
crystalline material is difficult, if nat impossible. For example, the diffrac
tion pattem after crystallization of an aHoy containing 52 at.% Si exhibits 
a single very strong reflection at a d-value of (0.2305 ± 0.001) nm corre
sponding toa(} value of about {19.5 ± 0.1) degrees. A similar reflection was 
observed by Maex [Mae88] in a co-sputtered 'Ti3Si4' alloy. Maex argues 
that this single peak does nat originate from a stabie silicide but originates 
from yet another metastable phase in the Ti - Si system. The high number 
of stabie phases and the likely presence of metastable phases in the central 
region of the Ti- Si binary system, the similarity of the diffraction patterns 
of these phases, and the highly textured nature of the crystallized thin films 
make an unambiguous phase identification nearly impossible for thin film 
samples with compositions in the range of 30 to 65 at. % Si. The main 
condusion from our X-ray diffraction work is that just after the drop in 
resistivity the sample has crystallized. Thus, it seems justified to associate 
the drop in resistivity with a crystallization reaction. 

In Fig. 4.8 the measured crystallization temperatures for thin films on 
Si02 are presented. Also shown is the equilibrium phase diagram [Mas87] 
in the bottorn part of the figure. The crystallization temperature of amor
phous Si was derived from crystallization experiments on pure sputtered 
Si layers on Si02 [Raa88c] so that the curve can he extrapolated to the 
crystallization temperature of amorphous Si. The most salient feature of 
Fig.4.8 is the sharp minimum in the crystallization temperature at the sto
ichiometrie composition of TiSjz . While the crystallization temperature 
of an alloy close to stoichiometry is just below 300 oe, the crystalliza
tion temperature reaches values of 500 oe and higher for Ti-rich alloys. 
erystallization temperatures on the Ti-rich side of the TiSi2 stoichiometry 
are observed to rise more rapidly with composition than they do on the 
Si-rich side. Note that the measured values of the crystallization tempera
ture agree closely with those measured by other investigators. The values 
also agree with the results derived from the in-situ TEM work (chapter 2) 
from which the crystallization temperature was taken as the temperature 
for which the growth speed of separate crystallites reaches an appreciable 
value, say 10-9 ms- 1 . In the upper part of the figure the measured acti
vation energies from section 2.3.2, section 4.4.1 and Maex et al. [Mae88] 
are shown. In these Ti - Si alloys the dip in crystallization temperature is 
associated with a sharp minimum in the activation energy as is evidenced 
by the upper curve in Fig. 4.8. 
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The stability of the amorphous alloy appears not to be related to promi
nent features in the phase diagram. Although the crystallization tempera
ture is depressed near the composition of the compound phase TiSi2, such 
a depression is not measured near to that of the other equilibrium com
pounds occurring in the phase diagram. Alloys with a composition near to 
that of a deep eutectic are frequently thought to be the most stabie amor
phous alloys [Hor80,Wal76]. This is also not refl.ected in Fig. 4.8: although 
in the Ti - Si binary system two deep eutectics are present no evidence for 
enhanced stability or enhanced crystallization temperatures is found in the 
neighbourhood of the Si-rich eutectic. 

In a recent paper Buschow [Bus84] demonstrates similar effects in Zr
based binary amorphous alloys. The thermal stability of the tested alloys 
(as characterized by their crystallization temperature) shows no conformity 
with features in the phase diagram. For these Zr-based alloys not even a 
correlation between the activation energy and the crystallization temper
ature could be found. {In Fig. 4.8 both the activation energy and the 
crystallization temperature show a minimum for alloy compositions near 
that of TiSi2.) 

Predicted crystallization temperatures of amorphous alloys are derived 
from models which are based on a kinetic approach: crystallization oc
curs once the viscosity of the amorphous solid reaches some critical value 
[Bus80,Bus82]. This implies that the crystallization temperature is pro
portional to the activation energy needed to move the constituent atoms 
in the amorphous alloy. One expects that this activation energy varies 
smoothly with composition. This contrasta the present observations of the 
the sharp dip in crystallization temperature and activation energy near the 
composition of TiSi2 in Fig. 4.8. 

Deviations of the Buschow model are expected if there exists a crystal
lization path via a simple metastable crystalline solid solution with a free 
energy lower than that of the amorphous phase [Mie88]. The results pre
sented in chapter 2 show that the mode of crystallization is polymorphous 
for the alloys with a composition close to that of the disilicide while it is 
eutectic for the Si-richer alloys and the Ti-rich alloy. Sofar only alloys with 
a composition close to that of the TiSi2 stoichiometry were found to crys
tallize polymorphically. This would suggest that the pronounced minimum 
in crystallization temperature and activation energy near compositions of 
the disilicide may be due to the presence of an easy crystallization path 
leading to the 049 TiSi2 solid solution. This was corroborated with the 
results of chapter3, where it was argued that the 049 TiSi2 phase has a 
phase field of substantial width. Thus there exists a reasonable range of 
compositions for which the free energy of the crystalline solid solution is 
lower than that of the amorphous phase, thus allowing for a diffusionless 
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transformation from the amorphous to the crystalline solid solution. 
Ti-rich alloys were remarkably resistant to crystallization; even down to 

Si concentrations of 20 at. %. This is in agreement with work of Polk et al. 
!Pol78] and Suryanaraya.na et al. !Sur80] The latter investigators even suc
ceeded in preparing amorphous alloys with only 15 at. % Si. The crystalliza
tion temperatures of Ti-rich alloys are even higher than the normal growth 
tempera.tures of crystalline silicidesin ditfusion couples !Hun83,Mur83] (see 
chapter 5). The fa.ct tha.t the crysta.llization temperature is higher than the 
growth temperature suggests that the mobility of Ti (required for crystal
lization) is much smaller than the mobility of Si (required for compound 
growth) Note tha.t this is just one of the conditions which is necessary to 
farm an amorphous pha.se in a ditfusion couple [Bar87,Sar86,Bar86]. 

4.5 Conclusions 

In this chapter, a detailed treatment of the kinetica of the different phase 
transformations in Ti- Si alloys of various compositions is reported. In this 
and many other investigations resistivity measurements are used to char
acterize a. eertaio pha.se transformation in terms of Avrami kinetica. The 
a.ssumption tha.t the transformed fraction during a crystallization reaction 
is linear in the resistivity of the sample ha.s been discussed . We presented 
an analyses of the systema.tic errors in kinetic parameters (like the Avrami 
exponent) if such a linear relation is not valid. 

The various reactions to prepare the equilibrium C54 TiSi2 polytype 
from an initially amorphous co-sputtered alloy were studied. The crys
tallization reaction to the C49 polytype of TiSi2 is described remarkably 
well by a constant nucleation and growth rate of crystals in the amorphous 
matrix, which is in accordance with an earlier study by us employing in
situ annealing in an electron microscope. In later stages of the reaction or 
at higher temperatures an excess of Si, present as a solute in the Si-rich 
samples, is eliminated from the crystalline silicide by a ditfusion controlled 
precipitation process, probably ditfusion of Si through the crystalline C49 
materiaL This process causes the room temperature resistivity to decrease 
with about a factor of 2. The final stage of the process is characterized 
by a constant nucleation and growth rate of C54 material in the C49 TiSi2 
matrix and a high activation energy of a bout 4.5 e V, indicating that oude
ation is difficult. A model calculation starting from the classica} nucleation 
theory supported this point of view. It was argued that thin film interfaces, 
grain boundaries and surfaces are responsible for small changes in the for
mation energy of a critica! nucleus which leads to appreciable changes in 
C49 - C54 transformation temperature. 
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The composition dependenee of certain kinetic parameters was addres
sed too. The crystallization temperature and the etfective activation energy 
for crystallization of Ti - Si alloys with a composition in the range of 20 to 
89 at. % Si was measured with the aid of in-situ resistivity measurements. 
eharacteristic features of the equilibrium phase diagram are not reflected in 
the composition dependenee of the crystallization temperature. The most 
stabie amorphous alloy is not necessariiy that with a composition close 
to the Iowest eutectic in the equilibrium phase diagram. A minimum in 
the crystallization temperature and activation energy was found for alloys 
with compositions close to that of the disilicide. lt was suggested that the 
suppression of the crystallization temperature and the associated minimum 
in the etfective activation energy for the crystallization reaction is caused 
by the presence of a reiativeiy easy ditfusioniess crystallization path. 

Ti-rich alloys with a Si concentration smaller than about 60 at. % are 
found to be fairly stabie in their amorphous state. The crystallization 
temperature (ranging from about 500 oe to about 700 oe) is in the same 
range or even Iarger than the temperatures which are normally quoted 
for growth of crystalline siiicides in ditfusion couples ( about 500 oe). Th is 
fact is a necessary condition to be abie to expiain the observation that it is 
possibie to grow an amorphous phase in a Ti - Si ditfusion couple at slightly 
lower temperatures (about 400 oe). The growth of such an amorphous 
phase starting from crystalline materiais will be treated in the next chapter. 
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Chapter 5 

Reactions in Titanium 
Silicon Thin Film Ditfusion 
Couples 

5.1 Introduetion 

5.1.1 General 

87 

The reaction of Ti thin films with Si is stuclied extensively because of the 
application of TiSi2 as a low resistivity and high temperature resistant ma
terial in integrated circuits. Both the reaction of Ti with crystalline Si (self 
aligned ohmic cantacts [Mur83] or Schottky harrier diodes [Rho80]) and the 
reaction of Ti with sputter-deposited Si layers (local 'strap' interconnection 
[Jon87,Won87,Hou88]) are of importance. 

There also exists a considerable scientific interest in reactions in metal -
Si thin film ditfusion couples. Whereas in a bulk ditfusion couple (typical 
dimensions exceeding 10 J.Lm) all phases as predicted by the equilibrium 
phase diagram are generally present, in a thin film ditfusion couple ( thick
ness smaller than 1 J.Lm) only one or two phases are usually found. These 
phases might also be of a metastable nature and thus are not necessarily 
present in the equilibrium phasediagram. Attempts to predict which phase 
or phases actually will be found are formulated more or less successful in 
semi-empirica! rules for first phase nucleation [Wal76,Ben87,Ron83,Pre84] 
or solutions of the ditfusion equation with the appropiate boundary condi
tions [Gos82, Wil86,Geg80]. 
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In the next section is presented a comprehensive review of the relevant 
literature on the reactions occurring in the Ti - Si system. The evident 
ambiguities and questions lead to the formulation of the purpose of the 
investigations described in this chapter. 

5.1.2 Reactions between Si and Ti layers: a review 

When the crystalline phases in a thin film diffusion couple after reaction 
are to be identified one relies on X-ray or electron diffraction. In the nat 
so distant past, such phase identification led to the condusion that metal 
rich crystalline phases like Ti5Si3, Ti5Si4 or TiSi were present in consid
erable amounts [Liu79,Mur80,Ber84,Kik87 ,Ost83]. lt is now known that 
TiSi2 shows polytypism and may crystallize in two slightly different crystal 
structures. These structures are commonly referred to as the C49 TiSi2 
phase (ZrSi2 structure [Cot56]) and the C54 TiSi2 phase (TiSi2 structure 
[Lav39]). As has been pointed out by Beyers et al. [Bey85], most of the re
ftexes which were originally assigned to metal rich phases really originated 
from the C49 TiSi2 phase. lt is suspected that the lattice constants as 
determined by Catter et al. [Cot56] are obtained from material which was 
contaminated with Al and hence are slightly different for uncontaminated 
C49 TiSi2 materiaL The lattice constants for pure C49 TiSi2 were deter
mined by Beyers et al. [Bey85] and more accurate by van Houturn et al. 
[Hou86]. 

lt is generally agreed upon that at temperatures in excess of about 
500 oe the C49 polytype of TiSi2 is the main growing phase in Ti - Si thin 
film diffusion couples [Hun83,Hou86,Aum85,Bey85,Hen87 ,lye85]. Although 
most reported diffraction patterns can now be indexed correctly, depending 
on anneal treatment a minor amount of the monosilicide is sametimes found 
to be present [Hou86,Hun83,Bey85]. The TiSi phase is however always 
reported to be taken over by the faster growing C49 phase in later stages 
of reaction. At higher temperatures the C49 polytype transfarms to the 
equilibrium C54 polytype of TiSi2. The temperature at which this occurs is 
reported to depend on impurities [Bey85], film thickness [Hou86] and grain 
size [Hou87]. 

Ti and Si show reactivity at temperatures well below those required 
for silicide growth [But84,Rub86,Nem85,Loe85,Idz86] Deposition of Ti on 
atomically clean Si at room temperature is reported to result in a mea
surable reaction. Van Loenen et al. [Loe85] concluded from channeling 
and blocking medium energy ion scattering that deposition of Ti at room 
temperature did result in intermixing of the first two to three monolayers 
of deposited materiaL The resulting compound had a composition of about 
50 at. % Si, i.e. close to that of the monosilicide. 
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Butz et al. [But84] reported extended intermixing of Ti deposited on 
clean Si at temperatures as low as 300 oe. Rubloff et al. [Rub86] point out 
that the rate of the low temperature reaction as described by Butz et al. is 
much too large to be associated with normal interfacial silicide formation. 
lt was suggested that the high reactivity at low temperatures is due to 
grain boundary dilfusion and local silicide formation at grain boundaries. 
Nemanich et al. [Nem85] concluded from Raman spectroscopy that Ti and 
crystalline Si start to intermix at temperatures of about 400 oe. No silicides 
were formed at these low temperatures as was concluded from the absence 
of silicide Raman peaks. Idzerda et al. [Idz86] showed that intermixing of 
Ti and Si starts after heating to about 250 oe. Stoichiometrie silicide layers 
were obtained at temperatures around 400 oe. 

Recently Holloway et al. [Hol87] reported on the character and the 
amount of intermixing at low temperatures. Holloway et al. described 
the interactions during rapid thermal annealing in thin (5 nm) sputter
deposited Ti - Si multilayers. The average composition of their multilayers 
was either 40 at. % Si or 60 at. % Si, i.e. symmetrical around the composi
tion of the monosilicide. Although significant inter-dilfusion occurred over 
distances of the order of 5 nm at low temperatures ( 455 oe) crystalline sili
cides only nucleated at temperatures in excess of 500 oe. They concluded 
that the growth of crystalline silicides was preceeded by the formation of 
an amorphous alloy of approximately equiatomic composition. 

Maex et al [Mae88,Mae86,Mae87] reported the sequence of phase forma
tion in Ti - crystalline Si binary dilfusion couples during ion beam mixing 
with 260 ke V Xe+ ions. It was found that ion beam mixing at substrate 
temperatures in the range of 100 oe to 300 oe indoeed the formation of an 
amorphous phase of approximate composition Si/Ti = 4/3. lmplantation 
at higher temperatures caused the formation of crystalline material, first 
with the TisSi4 stoichiometry and at higher temperatures with the stoi
chiometry of TiSi (about 400 oe) and TiSi2 (between 450 oe and 500 oe) 

The growth kinetics of Ti silicides is investigated systematically by 
several authors. Reproducible results were first reported by Hung et al. 
[Hun83]. Dilfusion controlled growth of the disilicide is found if the reaction 
takes place between Ti and evaporated ( amorphous) Si in the temper at ure 
range from 475 oe to 550 oe. lt appeared that the reaction between Ti 
and crystalline Si required higher growth temperatures and could not be 
reproduced easily. These effects were attributed to impurities at the Ti -
crystalline Si interface. Aumann et al. [Aum85] conclude that dilfusion 
controlled growth of TiSi2 occurs upto temperatures of 650 oe. 

lt is the commonly accepted view that during the dilfusion controlled 
growth of TiSi2 the main diffusing species is the Si atom [ehu74]. Maex 
[Mae88] recently performed marker experiments under conditions of ion 
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beam mixing in the temperature regime from 100 oe to 300 oe. Xe and W 
markers were used. Diffusion controlled growth of an amorphous silicide 
with approximate equiatomic composition was reported. Maex concluded 
that in this lower temperature range Si is the main moving species too. 
From these studies we expect that in the entire relevant temperature range 
(100 oe to 650 oe) Si will be the main moving species during silicide for
mation. 

lt is known that typical wet-chemica! cleaning procedures [Hen72,Tau85] 
leave C and 0 on the Si surface in the monolayer regime. If the cleaning 
procedure incorporates an HF dip etch to remove the native oxide, F may 
be present in the submonolayer regime [Ker72,Raa88c]. Several investiga
tors addressed the effect of impurities on the reactions between Ti and Si. 
A detailed study on the effect of interfacial impurities on Ti - Si reactions 
was reported by Taubenblatt [Tau85, Tau82, Tau86]. Studies undertaken at 
other institutes [Rub86,Lir85,Hun80] are in essential agreement with the 
work of Taubenblatt. An important result of these studies is that neither 
e [Tau82] nor 0 [Tau86] impede the growth of Ti silicides. Upon room 
temperature deposition of Ti, the Ti breaks the Si - e or Si - 0 honds 
to form a Ti - e or Ti - 0 solid solution. e and 0 both are soluble and 
mobile in Ti at fairly low temperatures i.e. much below the temperature 
at which an interfacial silicide is formed over reasonable distances [Hou86]. 
Thus a clean interface between Ti and Si is always present before silicide 
formation starts, although the Ti itself may be contaminated. Of course 
the above statement is not valid for severely contaminated surfaces which 
may result from careless cleaning procedures. lt is for example reported 
[Tau82] that as little as 0.5 nm Sise4 may completely inhibit the reaction 
between Ti and Si. The effects of such severe interface contamination will 
not be discussed. 

It is reported by several investigators [Hou86,Ber84,Mer84] that e and 
0 are 'snow-ploughed' by the advancing reaction front into the unreacted Ti 
layer. As long as the concentration of the impurities is below the solubility 
limit the reaction rate is found to be about equal to the rate in uncontam
inated samples. This is consistent with diffusion through the silicide being 
the rate limiting step during growth of the disilicide phase. Apparently 
common impurities like e and 0 do not have a large effect on the rate 
of reaction and one is tempted to reconsider the condusion of Hung et al. 
[Hun83] that the presence of these impurities at the Si- Ti interface was the 
primary cause of the bad reproducability and higher reaction temperatures 
in the case of the reaction of Ti with crystalline Si. 
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5.1.3 Purpose of this Study 

The above described results from literature are all evident of a considerable 
low temperature reactivity in the Ti - Si system. Differences in the reac
tion of Ti with amorphous or crystalline Si are reported for which a solid 
explanation is still sought . Ion beam mixing of Ti on crystalline Si and the 
reaction of Ti with amorphous Si is reported to result in the growth of an 
amorphous alloy. Upon thermal reaction of Ti with crystalline Si it is not 
clear what the first reaction product consists of and at what temperature 
it is formed. In this chapter, investigations on the reactions in thin film 
Si - Ti diffusion couples are reported. The objectives of our work are two 
fold . 

Firstly, we intend to study the growth of an amorphous Ti - Si phase 
in fairly thick sputter-deposited Ti and oBi layers. Rather than using 
very thin multilayers [Hol87] a three layer Si - Ti - Si stack is used which 
contains excess Si as compared to the disilicide. The growth kinetics and 
the composition of the amorphous silicide will be investigated. We will 
show that an amorphous silicide may be grown to fairly large thicknesses 
even without the use of ion beam mixing . 

Secondly, we will compare the reactions occurring in Ti - amorphous Si 
and those in Ti - crystalline Si diffusion couples. An explanation for the 
ambiguities and bad reproducibility reported in literature will be sought . 

5.2 Experimental 

The reactions between amorphous Si and polycrystalline Ti were stuclied 
with the layer structure defined in Fig . 5.1a. 100 mm diameter Si(lOO) 
wafers were thermally oxidized to form 50 nm of Si02. The layer stack 
always comprized of a Ti layer of thickness d embedded between two Si 
layers of approximate thickness 1.5 * d. The ratio of the thicknesses of the 
Si and Ti layers {1.5) was chosen such as to have an excess of deposited Si 
compared to the composition of the disilicide . After complete reaction of 
the Ti layer with the Si layers to the disilicide ( with supposedly equal reac
tion rates on both Ti - Si interfaces) a layer of Si of approximate thickness 
0.4 * d would be left on both sicles of the silicide layer. 

The reactions between Ti and mono-crystalline Si were investigated by 
means of the layer structures defined in Figs. 5.1b and c. Samples shown 
in Fig. 5.lb consistedof Ti layer of nomina! thickness 20 nm, covered with 
a 60 nm sputter-deposited aSi layer . Similar to samples (a), the ratio of 
Ti and Si thickness was chosen such as to have excess Si in the deposited 
layer. In samples (c) no capping layer is present. 
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Fig. 5.1. Layer structures used to investigate Ti - Si reactions. o:Si denotes 

a sputter-deposited (amorphous) Si layer. Reference will be made to different 

samples by their Ti thickness 'd' and the structure: (a) trilayer samples; (b) 
bilayer samples and (c) single layer samples. 

The last step in the cleaning procedure before Ti deposition on crys
talline Si consisted of a dip etch in 1 % HF /HzO salution foliowed by 
rinsing in de-ionized water and spin drying in N2 . lt has been shown 
[Tau85,Hen72,Hun80] that this procedure leaves about equal amounts of 
C and 0 upto a total of 0 .5 to 1.5 * 1015 at./cm2. F is present in the 
submonolayer regime [Ker72] . Estimates from secondary ion mass spec
troscopy measurements on a Ti/Si interface show a maximum of about 0.01 
monolayer of F [Raa88c]. To remove these residual surface impurities some 
wafers were sputter-etched in-situ before Ti deposition. In our deposition 
system this procedure leads to amorphization of a thin (2- 3 nm) surface 
layer and implantation of some Ar (typically in the range of 5 * 1014 cm2 ) 

[Bos87]. 
Ti and Si layers were deposited in a load locked turbomolecular pumped 

RF diode sputtering system (Perkin Elmer 4400). The vacuum chamber 
was equipped with a Meissner trap . The base pressure was in the low 
10-5 Pa range; the working gas pressure (Ar) during sputtering was 0.7 Pa. 
The substrates were not intentionally heated before or during deposition ; 
the substrate temperature was estimated not to exceed 60 oe. Ti and Si 
layers were deposited sequentially without breaking the vacuum. 

Samples were annealed in a turbo-molecular pumped high vacuum fur
nace with a base pressure in the 10-5 Pa range . Temperatures were in the 
range of 300 oe to 650 oe, the anneal time ranged from 1 h to 56 h. In 
addition to these furnace anneals, some samples were in-situ annealed in a 
Philips EM300 Transmission Electron Microscope (TEM), equipped with 
a W-filament heated hot stage. For these experiments a trilayer stack like 
in Fig. 5.1 was deposited on specially prepared electron transparent Si3N4 

substrates [Jac86] (see Fig. 2.1) allowing direct plan view observation ofthe 
films in the TEM without additional sample processing during annealing 
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[Raa87a,Raa87b] (see chapter 2). 
The actual thickness of the deposited layers was measured with Ruther

ford Backscattering Speetrometry (RBS) and cross-sectional transmission 
electron microscopy (TEM). Reactions between the Si/Ti layers were ana
lyzed with RBS, Auger Electron Spectroscopy (AES) combined with sputter
depth profiling, X-ray diffraction (XRD) and cross-sectional TEM. 

Rutherford backscattering spectra were measured with an incident 2 
Me V He ion beam and ( usually) a scattering angle of 170°. The angle of 
incidence was set according to the desired depth resolution and is indicated 
in the RBS spectra where ever relevant. The backscatterred spectra were 
simulated with the RUMP simulation program [Doo85]. 

Auger analysis was done with a PHI 600 Scanning Auger Microprobe. 
The 3 ke V, 1 J.LA primary electron beam was rastered over a 0.01 mm2 

area. Sputter-depth profiling was performed with a 3 ke V Ar+ ion beam 
rastered over a 2 mm2 area, the current density being about 80 J.LA/cm2 . 

Electron and ion beam were 30° and 55° off normal to the sample surface 
respectively. 

X- ray diffraction analysis was performed in a conventional 28 diffrac
tometer (Philips) equipped with a CuKa source. In order to obtain cross
sectional TEM specimens standard preparation techniques, including ion 
milling, were used. Specimens were observed in a Philips EM400 micro
scope, operating at 120 kV. 
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5.3 Results and Discussion: Ti - amorphous Si 

5.3.1 As-deposited Layers 

The thicknesses of the layers used in the trilayer stacks (Fig . 5.1a) as roea
sured with cross-sectional transmission electron microscopy (TEM) and 
Rutherford backscattering speetrometry (RBS) are listed in Table 5.1. In 
the remainder of this section we will refer to specific samples with their nom
ina} Ti layer thickness as defined in the first column of Table 5.1. The thick
ness determined from the RBS data are systematically smaller than those 
determined from TEM micrographs. This is so because the RBS thickness 
is calculated assuming bulk molar volumes for Ti (17.6 * 10-24 cm3 ) and 
diamond Si (20 * 10-24 cm3 ) which is not true for thin films deposited at 
low substrate temperatures . The overall composition of our trilayer stacks 
as determined by RBS is between Ti/Si= 1/2.4 and Ti/Si= 1/2.9, depen
dent on the type of sample, but excess deposited Si is always present as 
compared the composition of the disilicide. 

X-Ray diffraction (XRD) of the as-deposited samples showed astrong 
Ti (002) reftection. Cross-sectionat TEM revealed colurnnar grains. So 
it can he concluded that the Ti layer is polycrystalline, strongly textured 
with the {001} planes parallel to the substrate surface. The Si layers were 
found to he amorphous according to XRD and TEM. The amorphous Si 
layers will hereafter be denoted with aSi layers. Impurity analyses with 
AES showed the concentration of C and 0 to be below the detection limit 
of the Auger system, which is estimated to he about 0.5 at . %. Moreover, 
Auger depth profiling showed no significant amounts of C and 0 on the 
Ti - aSi interfaces (see for example the Auger depth profiles discussed in 
the next section). 

samples 

15 nm 
20 nm 
60 nm 

100 nm 

Si thickness 
(nm) 

TEM RBS 
20 + 

36± 2 30 ± 
98 ± 

3 
3 
8 

- ! ~Q_t_!~-- --

Ti thickness 

___ ____ j_n~j_ ___ . - ---· -·· · 
TEM RBS 

15 + 2 

23 ± 1 21 ± 1 
58 + 3 

110 ± 10 100+ 5 
··-·-- - · -·-·· - ---- - ---·- ···- --- --

Table 5.1 : Layer thicknesses of the trilayer samples measured with TEM or RBS. 
The Si thickness is that of a single layer of Si. 
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Fig. 6.2. XRD patterns of the 20 nm samples annealed at different temperatures. 

Solid dots: Ti reflection, crossed circles: 049 TiSi2 reflection. Note the strong 
decrease of Ti diffraction intensity with anneal temperature and the near absence 
of crystalline Ti and crystalline 049 TiSi2 in the sample annealed at a temperature 

of 450 °0. 

5.3.2 Reaction of Ti and aSi Layers 

The reactions in the a:Si- Ti- a:Si stacks were first stuclied with XRD. The 
20 nm samples (see Table 5.1) were annealed during 1 h at temperatures 
ranging from 300 oe to 550°e. The relevant results are recorded in Fig. 5.2. 
The Ti(002) reflection drastically decreased in intensity after 1 h anneals 
at temperatures exceeding 350 oe. After a 450 oe, 1 h anneal the initially 
strong Ti(002) reflection has almost completely vanished. Apparently, large 
amounts of the poly-crystalline Ti layer were consumed to form a layer 
which is disordered according to XRD. We observed that the remnants 
of the Ti reflections after a 450 oe anneal shifted to larger interplanar 
spacings, possibly caused by Si incorporation in the Ti lattice. It is also 
noted that considerable broadening of the reflections occurs. Annealing 
the layers at higher temperatures (;:::: 500 oe) caused the nucleation of e49 
disilicide as follows from the appearance of the (131) and (061) reflections 
of the e49 TiSi2 phase [Bey85,Hou86]. 

The results obtained by in-situ TEM annealing of the 15 nm sample ( see 
Table 5.1) are consistent with the XRD results. Fig. 5.3 shows bright field 
(BF) micrographs and selective area electron diffraction (SAD) patterns 
taken at different temperatures. The BF micrograph of the as-deposited 
sample (Fig. 5.3a) shows diffraction rings from polycrystalline Ti in the 
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Fig. 5.3. Bright field micrographs 

and selective area diffraction pat

terus obtained while heating the 

15 nm sample in situ in a TEM. 

(a) As deposited; (b) 450 oe; 
(c) 550°e. The disappearance of Ti 

crystalline material and the growth 
of amorphous material is evident 

from the BF micrograph and the 

SAD pattem of the 450 oe sam

ple (b). e49 TiSi2 crystallites nu

cleate and grow in the amorphous 

material at temperatures of approx

imately 500-550 oe. The arrows cor

respond to a length of 1 Jklll. 
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selective area diffraction pattem. Diffuse bands originating from the a.Si 
layers are also seen in the SAD pattem. The bright field micrograph con
tains a black speekled contrast which is due to Ti crystallites. At 450 oe 
(Fig. 5.3b) the poly crystalline Ti has disappeared as indicated by the dis
appearance of the black contrast in the bright field micrograph and the 
diffraction rings in the selective area diffraction pattem. Instead, the pat
tem now shows diffuse diffraction bands indicative of the formation of amor
phous materiaL The 'interplanar spacings' calculated from the diameters of 
the diffuse bands agree with the values quoted by Holloway et al. [Hol87]: 
0.22, 0.15 and 0.12 nm respectively and they cannot be attributed to Ti or 
any known Ti - Si compound. Of these bands the one corresponding to the 
spacing of 0.22 nm is clearly visible in the diffraction pattem of Fig. 5.3, 
the other ones are very weak. Further heating of the sample induced the 
formation of crystalline material at approximately 530 oe (Fig. 5.3c). The 
selective area diffraction pattem in this figure indicates the presence of 
e49 TiSiz [Bey85,Hou86]. 

A more detailed study on the inter-ditfusion of the Ti - Si layers was 
performed by Auger Electron Spectroscopy (AES) combined with sputter
depth profiling and cross-sectional TEM. Fig. 5.4 shows AES depth profiles 
of the SiLMM (91 eV), the TiLMM (386 eV, Ti1) and the OKLL (510 eV) 
peak to peak intensities for the 20 nm samples, as-deposited and annealed 
at 400 oe, 450 oe and 500 oe respectively. The corresponding TEM cross
section micrographs are shown in Fig. 5.5. The shape of the Si profile in the 
as-deposited sample (Fig. 5.4a) suggests a Ti - Si interaction limited to a 
thickness of approximately 2.5 nm. This is also evident from the TEM cross
section in Fig. 5.5a. The reaction of Ti and a.Si in the as-deposited sample 
may be caused by energetic heavy partiele bombardment during sputter
depaaition (like Ar ions which are accelerated over the substrate dark space 
[eha80]). A similar limited reaction was also reported by Holloway et 
al. [Hol87] in their sputter-deposited multilayers but not by Brasen et al. 
[Bra86] who prepared similar multilayers by evaporation. 

After a 1 h anneal at 400 oe shoulders develop in the Si and Ti profile 
(Fig. 5.4b) indicating a more extensive inter-diffusion. This is also seen from 
the TEM micrograph in Fig. 5.5b. Ti - Si alloyed layers of approximately 
8 nm thickness are found on both Ti - a.Si interfaces. The planar growth of 
the reacted layers indicates that transport of one of the reactants through 
the growing layer is the rate limiting process. In Fig. 5.5b no bright field 
contrast is observed within the formed compound. Additionally, selective 
area diffraction pattems show diffuse rings as in Fig. 5.3b. Both of these 
observations are consistent with the X-ray diffraction results and the in
situ TEM heating experiments which showed that the reacted layers are 
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Fig. 5.4. AES depth profiles of 
the 20 nm samples annealed dur

ing 1 h at different tempera
tures: (a) as-deposited; (b) 400 "0; 

(c) 450 ''O;(d) 500''0. (Solid lines: 
Si; dashed lines: Ti; dotted lines: 
0.) 
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amorphous. After a 450 oe, 1 h anneal (Fig. 5.4c and Fig. 5.5c) the Ti 
layer is nearly completely consumed to form an amorphol}s Ti- Si ( aTiSix) 
alloy. Some remnants of crystalline material are present in the center of the 
trilayer stack alloy. (We will denote the formed layer with aTiSix because 
the composition is not known yet.) 

lncreasing the anneal temperature to 500 oe causes a crystalline com
pound to nucleate at the top a.Si - aTiSix interface (Fig. 5.5d). At the 
lower a.Si - aTiSix interface some amorphous alloy is still present . The 
crystalline phase was identified from a selective area diffraction pattem 
as the C49 polytype of TiSi2. The Auger depth profile (Fig. 5.4d) shows 
that Si is now present throughout the entire layer. After anneals at higher 
temperatures (550 oe) all Ti was consumed to form the e49 disilicide. 

From the relatively flat Auger profiles after anneals at 500 oe (Fig . 5.4d) 
and 550 oe (not shown) the stoichiometry of the crystalline reacted layers is 
easily obtained. (The determination of the composition of the amorphous 
phase will be addressed in detail in section 5.3.4, the Auger spectrometer 
was calibrated as described in that section.) One derives for the composi
tion in the crystalline reacted layers: TiSil.8 + 0.1 or (64 ± 2) at.% Si for 
the (500 oe) annealed sample and TiSi1.9 ± o.-;- or (66 ± 2) at.% Si for the 
550 oe annealed sample. Although the composition of the sample annealed 
at 550 oe is close to that of the disilicide, the sample annealed at 500 oe is 
somewhat richer in Ti, possibly due to the presence of a minor amount of 
Ti-rich material or a slight deviation from stoichiometry of the C49 TiSi? 

(a) (b) (c) (d) 

Fig. 5.5. TEM cross-section micrographs of 20 nm samples annealed during 1 h 

at different temperatures: (a) as-deposited; (b) 400 oe; (c) 450 oe; (d) 500 oe 
(see also Fig. 5.4). Note the Kirkendall voids on both aSi-aTiSi., interfaces. 
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phase, see chapter 3. Similar results were obtained if a different analyses 
using TEM cross-section micrographs was applied (see section 5.3.4) 

At this point note the void like contrast along the o:Si - o:TiSix in
terfaces in Fig. 5.5b, c and d. It can be observed that the contrast ( or 
'greyness') in between the voids is much more similar to the contrast of the 
amorphous silicide than to that of the o:Si, therefore we conclude that the 
voids are actually situated with in the amorphous silicide layer. It is known 
[New86,Sch85,Joh86] that the growth of amorphous layers by solid state re
action from crystalline materials is usually accompanied by the growth of 
Kirkendali voids at the interface between the fast moving species and the 
amorphous phase. Therefore we suggest (as did Holloway et al. [Hol87]) 
that the observed contrast along the o:Si - o:TiSix interface are Kirkendali 
voids. 

Kirkendali voids are formed during the growth of a binary alloy when 
ever there is a large difference in ditfusion flux of the two constituents 
due to a chemica! concentration gradient. In our case, Si is the dominant 
moving species [Mae88J and the flux of Si atoms cannot be balanced by an 
opposite flux of Ti atoms. In the case of a vacancy ditfusion mechanism, 
conservation of lattice sites requires a vacancy flux to compensate for the Si 
flux. Note that the definition of 'vacancy' or 'lattice site' in an amorphous 
alloy is a little bit vague. For our purpose the definition of a 'vacancy' 
in an amorphous alloy as a hole of the si ze of the smallest (Si) atom (as 
defined by Buschow [Bus81,Bus82] in his study on the crystallization of 
amorphous alloys) will do. In a crystalline solid, surfaces, dislocatiöns and 
grain boundaries may act as possible sinks for the vacancy flux [Bar52]. In 
an amorphous alloy no extended defects are present, and 'vacancies' can 
only be eliminated at an interface or surface. 

We observed Kirkendali voids within the o:TiSix alloy at the Si - o:TiSix 
interface. The Si layer is observed to remain amorphous after the anneal 
at 550 °C which implies that the mobility of 'vacancies' in the o:Si layer 
is much smaller than their mobility in the o:TiSix layer at this temper
ature, otherwise the Si would crystallize [Bus81,Bus82] . The 'vacancies' 
thus can not reach the surface of the sample or the o:Si - Si02 interface and 
a super-saturation of 'vacancies' near the o:Si - o:TiSix interface results. 
This super-saturation can be decreased by the nucleation and growth of 
voids. Although Si must be mobile in the amorphous alloy to grow it to 
the observed dimensions, the amorphous alloy does not crystallize because 
crystallization requires motion of both Ti and Si atoms [Bar87 ,Sar86,Bar86] 

The nucleation and growth of voids at the Si - TiSix interface is of 
paramount importance in technology. We observed a loss of adhesion be
tween thicker (100 nm) Ti and o:Si layers which were annealed for long times 
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Fig. 5.6. SEM micrograph of 

a 40 nm Ti/70 nm aSi ditfu
sion couple on an oxidized Si 

substrate, annealed at 650 oe 
during about 10 min. show

ing typical 'blister' like de

fects. 

at temperatures exceeding 400 °. Th is loss of adhesion may be caused by a 
coalescence of the voids to a continuous layer. lt is thought that the occur
rence of the typical morphological defects which are usually observed after 
the reaction between o:Si and Ti (so-called 'blisters' [Hou88]) are related 
to the nucleation and growth of these voids and the presence of entrapped 
gasses in the sputter-deposited layers. Fig. 5.6 shows a scanning electron 
microscopy (SEM) micrograph of such defects on a reacted Ti/ aS i ditfusion 
couple. After deposition the. present Si layers contain a few at. % Ar. lt was 
found with Rutherford backscattering speetrometry (not shown) that after 
reaction at 450 °C the argon was forced out of the silicide phase and had 
concentrated at the o:Si- aTiSi:z: interfaces, i.e. at the location of the voids. 
The argon concentration in the unreacted Si did not change upon anneal at 
these temperatures. Starting from the assumptions that the as-deposited 
aS i layer contains a conservative 1 at. % Ar, and that after reaction this 
argon is concentrated in the voids as an ideal gas one may calculate that 
during reaction the pressure in the voids may rise to enormously high val
ues ( exceeding a few 100 bar). These high pressures may be able to lift or 
break the remainder of the Si capping layer. 

5.3.3 The Growth Kinetics of Amorphous Silicide 

We will now describe the dependenee of the amorphous silicide thickness 
on anneal time. Two questions are dealt with in this section. Firstly, 
is the growth of aTiSi:z: controlled by ditfusion of Si through the. growing 
amorphous layer (as was found by Maex et al. [Mae87] during ion beàm 
mixing of Ti layers on Si)? Secondly, is there a limit to the thickness of 
amorphous silicide which can be grown or does it (in principle) keep growing 
until all Ti or Si is consumed? 

In order to answer the above questions the growth kinetics were inves-
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tiged with the aid of isothermal anneals at 400 oe. The resulting amorphous 
layer thickness was measured from TEM cross-sectional micrographs. As 
was discussed in the previous section, the Kirkendali voids were thought to 
be part of the silicide layer. Accordingly, the silicide layer was assumed to 
extend from the Ti - aTiSix interface just to the centre of the row of voids. 

In Fig. 5. 7 the square of the amorphous silicide layer thickness ( the 
average of the aTiSix thicknesses on bath Ti- aSi interfaces) is depicted as 
a function of anneal time at 400 oe for the 20 nm samples. From t his tigure 
it seems that although the initia! stages of growth may be controlled by 
ditfusion (up to 2 h anneal time, dashed line in Fig. 5.7), the data points for 
the langer anneals show large deviations from such simple ditfusion limited 
behaviour. 

Several arguments are in favor of ditfusion controlled growth in the 
initia! stages of reaction. Firstly, it was observed that the compound layer 
shows very planar interfaces. This points to a rate cantrolling process which 
decreases with increasing thickness. Secondly, from the data presented in 
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Fig. 5. 7 one may derive an etfective chemica} inter-ditfusion coefficient from 
the simple relation iJ = 1/2 x2 ft. In the initia} stages of the reaction one 
derives a value of (0.9 ± 0.3) * 10-16 cm2 / s from the slope of the dasbed 
line. lt is known that the e49 TiSi2 phase grows by ditfusion of (mainly) 
Si in the temperature range of 475 oe to 650 oe [Hun83,Aum85,Mae88]. 
Hung et al. [Hun83] measured the etfective inter-ditfusion coefficient for 
the growth of the e49 TiSh phase from Ti and aSi. Extrapolating their 
data measured between 475 oe and 575 oe down to 400 oe yields a value of 
about 10-16 cm2 js. The observation that a simple extrapolation from the 
growth rate of crystalline e49 TiSi2 explains the growth rate of the present 
amorphous silicide suggests that the same process is rate limiting in both 
cases: ditfusion of Si through the compound layer. 

The suppression of the growth rate in the later stages of the reaction is 
not caused by the limited Ti layer thickness in our 20 nm samples, Some 
experiments we re also performed on much thicker aS i - Ti - a Si layers ( the 
60 and 100 nm samples, refer to Table 5.1). lt appeared that in these 
thicker layer samples, the amorphous silicide thickness was equal to those 
in the thin layer samples. For example, if a 100 nm sample was annealed 
at 400 oe for 56h a layer of (18 + 3) nm amorphous silicide was present on 
each interface. This compares to the value of (18 ± 1) nm as was found for 
the 20 nm layer sample after the same anneal procedure. 

The suppression in growth rate causes the amorphous phase thickness 
to be limited to a depth of approximately 18 nm on each of the Ti - aSi 
interfaces at a temperature of 400 oe. The question now arizes why the 
growth of amorphous alloy virtually stops at this thickness? Earlier we 
noted that the growth of amorphous alloy was accompagnied by excessive 
Kirkendali void formation at the aSi - aTiSiz interfaces. lt appeared that 
together with the progression in the growth of the aTiSiz layers the voids 
grew larger. Newcomb and Tu [New86] found similar voids in Ni - Zr 
ditfusion couples. They proposed that these voids ultimately will reduce 
interfacial contact and etfectively cut otf the Ni supply. We believe that 
similar arguments will apply to our Ti - Si ditfusion couples, the voids at 
the aSi - aTiSiz interfaces cutting of the Si supply and thereby limiting 
the thickness of the amorphous layer which can be grown. 
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5.3.4 The Stoichiometry of the Amorphous Alloy 

The poor definition of the plateaus in Fig. 5.4 suggests that the composition 
of the reacted amorphous layers is not constant over the depth of the layers 
but varies from Si-rich at the Si - TiSix interface to Ti-rich at the TiSix -
Si interface. In principle, depth resolved Si concentration profiles may be 
obtained from Auger depth profiles after calibration of the spectrometer. 
The metbod is however very susceptable to erroneous interpretation due 
to sputter-induced artefacts. A quick and more absolute estimate of com
position may be obtained from TEM micrographs (for example those from 
Fig. 5.5). The amount of Si and Ti consumed to form the amorphous alloy 
can he determined from thickness measurements if the thickness of the as
deposited layers is also measured. Although this metbod yields a reliable 
and absolute measure of the composition of the amorphous alloy, only the 
average composition of the entire aTiSix layer can be obtained and any 
composition gradients (which are likely to he present, see further) are not 
detected. In this section we will firstly determine the average composition 
of the reacted layer from TEM micrographs. Secondly we will attempt to 
show that large composition gradients are present in the amorphous alloy 
from Auger depth profiles. 
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To determine the numbers of Ti and Si atoms consumed, the atomie 
volumes of Ti and Si are assumed to be equal to the bulk atomie volumes. 
This is generally nat true for thin films deposited at low temperatures. 
Since bath the Si and the Ti density were found to be lower than their bulk 
values (Table 5.1), the effect of a smaller density in the Ti thin film will 
at least partly cancel with the smaller densities in the Si thin films when 
calculating the composition of the alloy. Thus the error in the composition 
due to smaller densities of material in thin films is expected to be small. 
The occurrence of Kirkendali voids at the aSi - aTiSiz interface was the 
main souree of error in the thickness measurements of the aSi layers. As 
was discussed before, the contrast or greyness in between the voids was 
much more similar to the contrast of the amorphous silicide than to that of 
the aSi. Therefore the aSi layer thickness was determined as if the voids 
are part of the amorphous silicide layer. 

Fig. 5.8 shows a plot of consumed Ti versus consumed Si, obtained with 
thicknesses determined from TEM micrographs and bulk rnalar volumes. 
The straight solid lines denote the compositions of TiSi and TiSi2 respec
tively. For the samples annealed at 400 oe during 1 h up to 56h, and 
450 oe during 1 h, the average composition of the formed alloy is close 
to equiatomic. Increasing the anneal temperature to 500 oe and 550 oe 
moves the composition of the reacted layer to that of TiSi2. This is con
sistent with the fact that after a 1 h anneal at 500 oe the disilicide has 
nucleated; the reaction layer now almast solely comprizes of e49 TiSi2 (see 
Fig. 5.5d). Aftera 1 h anneal at 550 oe the entire reacted layer consistsof 
crystalline TiSi2. 

We concluded that the average composition of the amorphous alloy 
which is formed in all samples annealed at temperatures of 400 oe and 
450 oe is close to equiatomic. In order to determine the upper and lower 
bound of the average composition the aTiSiz alloy we draw the dashed 
straight lines in Fig. 5.8. All calculated compositions for the amorphous 
alloy fall within the area defined by those two lines. From the slope of these 
lines one determines the average Si concentration in the amorphous alloy 
to be in the range 0.47 ~ csi ~ 0.55. 

The Auger profiles (Fig. 5.4) suggest that the amorphous alloy can not 
be described by a single depth independent composition. Depth resolved 
Si concentrations may he derived from Auger measurements . Samples con
sisting of tri-layer stacks of different thicknesses (Ti thickness d = 20 nm, 
60 nm and 100 nm) were annealed at 400 oe for different periods of time. 
Fig. 5.9 shows the Auger intensity ratio Y sï/Y Till as a function of sputter 
time for samples annealed at 400 oe during 1 h. The SiLMM (91 eV) and 
the TiLMM (410 eV, Tiii) Auger transition were used. Only the reacted 
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region at the upper Si - Ti interface is shown. To facilitate comparison of 
the profiles of the samples with different layer thicknesses the sputter time 
axis was shifted until the centers of the reacted regions coincided. lt is 
immediately apparent from the curves in Fig. 5.9 that within the present 
measurement accuracy the reacted regions are of the same width and com
position. The curves in Fig. 2 show two clear infl.exions which are most 
probably associated with the Si - silicide and the silicide- Ti interface. The 
slope of the steep parts of the curves ( ou tside the two infl.exions) are rep
resentative for the depth resolution of our measurement ( approximately 4 
nm). The gradually decreasing intensity ratio between the two infl.exions is 
probably representative for the decreasing Si concentration with increasing 
depth in the reacted amorphous layer. The intensity ratio changes from 
Y s;/Y Til! = 2.0 ± 0.2 at the Si - silicide interface to 0.45 ± 0.1 at the 
silicide - Ti interface. 

Fig. 5.10 shows depth profiles similar to those in the previous figure 
(Fig. 5.9) for the 60 nm sample annealed during different periods of time at 
a temperature of 400 °C. The composition boundaries appear to be nearly 
unaffected by the layer thickness of the amorphous alloy. Some fl.attening 
of the profiles is observed after long anneals. This is consistent with the 
fact that when the Si supply is choked off by the Kirkendali voids the alloy 
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Fig. 6.10. Auger intensity ratio Ysï/Y T iii at the reacted interface of the 60 nm 

sample as a function of sputter time and after different anneal times at 400 °C. 
Curves have been shifted horizontally for clarity. The amorphous alloy extends 

over the intensity ratios indicated by the shaded bar. It is observed that no 

significant changes in the vertical position of the bends in the curves are observed 

upto 8 h anneal time. 

stops growing and accordingly the Si concentration will eventually level off 
at a constant value. 

In order to relate the measured Auger intensity ratio's to the actual 
composition of the amorphous alloy, we calibrated the Auger spectrome
ter. For that purpose samples consisting of co-sputtered thin films and 
bulk samples [Kem82] of different composition were used. The composi
tion of these samples was measured with Rutherford backscattering spec
trometry. The Si/Ti Auger intensity ratio was measured under the same 
conditions as those under which the ditfusion couples had been measured , 
including the ion bombardment used for depth profiling. In Fig. 5.11 the 
measured intensity ratio's for the TiLMM 386 eV (Ti1) and the TiLMM 

410 eV (Tiu) with the SiLMM 91 eV peak are recorded versus the Si con
centration measured with RBS. Using this calibration, the intensity ratios 
measured at the inflexions of the curves in Fig. 5.9 (Y sdY Till = 2.0 ± 0.2 
and Y sdY Til! = 0.45 ± 0.1) would correspond to silicon concentrations of 
es; = 0.7 ± 0.1 and es; = 0.2 ± 0.1 respectively. 
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lt is known [Hof80,Cob7 4] that several sputter-induced artefacts may 
yield an apparent composition profile while there really is a constant compo
sition in the layer. These effects include for example preferential sputtering, 
ion beam mixing and ion beam enhanced ditfusion or surface segregation 
in the analyzed region . Although these effects certainly play a role in the 
above described Auger depth profiles, it is thought that they do not ex
plain the large change in the Auger intensity ratio (with almost a factor 
of five) from the silicide- Si to the Ti- silicide interface. Moreover, the 
value of the Auger intensity ratio at the interfaces was found to be in
dependent of the thickness of the amorphous layer. If all artefacts are 
tacitly neglected the Auger profiles would lead to a concentration ranging 
from about 20 at. % Si at the Ti - silicide interface to about 70 at . % Si 
at the silicide - Si interface. The absolute value of the silicon concentra
tion at the interfaces may contain some systematic errors due to the above 
mentioned sputter-induced artefacts, so that the above numbers have semi
quantitative significanee only : a considerable composition gradient exists 
in the amorphous alloy. Composition gradients were reported also during 
the growth of a NiZr amorphous alloy from poly-crystalline Ni and Zr thin 
films [Ros84,Bar86]. In the next section it will be shown that such large 
composition gradients are also expected from a thermadynamie point of 
view in the Ti - Si system. 
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As was mentioned in the introduction, Maex et al. [Mae86,Mae87] were 
able to obtain amorphous Ti - Si alloys of approximately equiatomic compo
sition by ion beam mixing of Ti deposited on crystalline Si substrates. The 
roughly equiatomic composition of the aTiSiz alloy in our samples agrees 
also with the composition found by Holloway et al. [Hol87J. They derived 
their composition also from TEM micrographs, but used multilayer samples 
consisting of much thinner Ti and Si layers. Thus, it is now demonstrated 
that the growth of this amorphous alloy may also be induced thermally in 
the Ti - Si system. 

5.3.5 Titanium Silicon Free Energy Diagram 

We concluded in the previous section that during growth of the amorphous 
alloy a large composition gradient exists. This composition gradient prob
ably points to a very wide phase field of the amorphous materiaL It was 
found from TEM micrographs that the average composition of the alloy was 
close to equiatomic and from Auger depth profiling that the composition 
ranges from about 20 at. % to about 70 at. % Si. We will try to explain 
these phenomena with a free energy diagram of the Ti - Si system. Free 
energy diagrams are more useful in this case than equilibrium phase dia
grams because metastable equilibria are easier elucidated in the free energy 
diagram. 

Gibb's free energy diagrams can be approximately calculated from for 
example Kaufman's [Kau79,Kau73J compilaton of thermo-chemical data. 
For the free energy of the amorphous state at low temperatures one usu
ally calculates the free energy of the undercooled liquid . However, the free 
energy of amorphous solid alloys of elements which show large negative 
heat of mixing is considerably smaller than that of the undercooled liquid 
due to chemica} short range ordering or structural relaxation of the amor
phous state towards the crystalline equilibrium state [Mie88] . As a first 
approximation we accounted for these effects by adding an extra negative 
contribution to the free energy of the undercooled liquid. The correction 
term was taken equal to 4 * csi(1 - csi) ó.Gl-oo where csi is the Si con
centration in the alloy and ó..G1-a the free energy contribution due to the 
above effects at the equiatomic composition. An estimate for the magni
tude of ó..Gl-a could be derived from measured heats of crystallization of 
amorphous Ti- Si alloys [Raa86,Kem82]. The value of ó.G1-a is",c~imated 
to be about 20 kJ/mol. Fig. 5.12 shows the calculated free energy curves 
of the amorphous, hcp and diamond states, and the minimum of the *free 
energy curves of the equilibrium stoichiometrie compounds. The diagram 
is calculated from the data of Kaufman [Kau79,Kau73] for a temperature 
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of 400 °C. Metastable two phase equilibria are shown as dashed lines in 
the diagram. From the free energy diagram one derives with the aid of a 
tangent construction tha.t the phase field of the amorphous alloy extends 
from about csi = 0.3 to about es i = 0. 7 (indicated by the shaded bar). 

If there are no reaction harriers present at the interfaces, the situation 
at these interfaces is close to a metastable equilibrium. In that case the 
position of the phase boundaries derived from the free energy diagram 
correspond directly to the composition at the interfaces. On the Ti side of 
the diagram, metastable equilibrium prevails between the amorphous phase 
and a super-saturated solid salution of Si in hcp Ti. The shift in the Ti 
interpla.nar spacings to larger values as was noted earlier in this chapter 
from X-ray diffraction analyses (see Fig. 5.2) is thought to be due to the 
super-saturation of hcp Ti with Si 

The width of the calculated phase field is subject to some systematic 
errors, the largest being the uncertainty in the exact shape and position 
of the free energy curve of the amorphous phase. Moreover, the compo
sition of the alloy on the Si-rich side was derived using the assumption 
that metastable equilibrium between diamond Si - amorphous silicide ex
ists. Our sputtered Si layers however were amorphous and their free energy 
most certainly is higher than the value for the diamond state. For exam
ple, Sinke et al. [Sin88] calculated this free energy difference to be in the 
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range 10- 18 kJ/mol., dependent on the amount of relaxation. Fan et al. 
[Fan81] found for their sputter-deposited aSi layers a heat of crystalliza
tion of 10 kJ /mol. which would correspond to weil-relaxed aS i in terros of 
Sinke's work. The higher free energy of the amorphous state of Si would 
shift the composition at the Si-rich side to even higher concentrations of Si. 
In condusion, although the exact boundaries of the phase field are rather 
uncertain, the width of the phase field of the amorphous alloy is expected to 
be substantial. This is consistent with the experimentally noticed variation 
in composition with depth. 

We would like to note he re that the phase field of the amorphous phase is 
wide enough to contain the composition of several equilibrium compounds. 
A necessary condition for the growth of an amorphous phase by ditfusion is 
that its crystallization temperature is substantially higher than its growth 
temperature. In chapter 4 we measured the crystallization temperatures 
of co-sputtered amorphous alloys of diffrent compositions. Reeall that a 
depreesion in the crystallization temperatures to temperatures of about 
300 oe was found for samples with compositions close to that of the dis
ilicide. erystallization temperatures exceeding the growth temperature of 
the present amorphous alloy ( 400 oe -450 oe) were found for samples with 
compositions in the range of 0.2 ::; csi ::; 0.6. eonsequently, the phase field 
cannot extend beyond those limits. This sets the Si-rich boundary of the 
phase field at a Si concentration of about 0.6. 

5.4 Results and Discussions: Ti - crystalline Si 

5.4.1 Low Temperature Reaction 

This section is mainly concerned with the reactions between a polycrys
talline Ti layer and a monocrystalline Si substrate occurring at temper
atures below 500 oe. For that purpose we will use the samples with the 
bilayer and single layer structure depicted in Fig. 5.1b and c respectively. 

The bilayer samples with the structure of Fig. 5.1b, consisting of a Si 
substrate with a sputter-deposited layer of Ti and a sequentially deposited 
layer of aS i offer the possibility to campare the reaction of the same Ti layer 
with the crystalline Si (xSi) substrate and the sputter-deposited amorphous 
Si (aSi) layer. The cleaning procedure of the monocrystalline Si substrates 
included a 1 minute dip-etch in an aqueous 1 % HF salution to remave the 
native oxide just befare loading the wafers in the deposition system. This 
procedure is known to leave some 0 and e on the surface in the monolayer 
regime [Hen72,Tau85] and a minor amount of F [Ker72,Raa88c]. Thus the 
crystalline Si - Ti interface is slightly contaminated. The aSi- Ti interface 
is expected to be more clean since the layers are deposited subsequently in 
the same vacuum. 
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Bilayer samples (Fig. 5.1b) with 20 nm Ti and 57 nm a:Si layer (de
rived from Rutherford backscattering speetrometry) were heated in a high 
vacuum furnace at temperatures between 300 oe and 500 oe during 1 h. 
The as-deposited and annealed samples were investigated with cross-sectio
nal transmission electron microscopy (TEM), Auger electron spectroscopy 
(AES) with sputter-depth profiling and Rutherford backscattering spee
trometry (RBS) At first we will present and discuss the TEM results pre
sented in Fig. 5.13 and 5.14. After that we turn our attention to the depth 
resolved compositional data obtained from AES in Fig. 5.15 and RBS in 
Figs. 5.16 and 5.17. 

Fig. 5.13 shows cross-sectional TEM micrographs of the samples an
nealed at 400 oe and 450 oe for 1 h. The micrographs for the annealed 
samples in Fig. 5.13a and b show reacted regions at both Ti- Si interfaces 
and look very much like the micrographs of Fig. 5.5b and c, the main dif
ference being that the bottorn a:Si layer and the oxidized substrate have 
now been replaced by an unoxidized monocrystalline Si substrate. The 
reacted layer at the Ti - a:Si interface is a similar amorphous silicide as 
described insection 5.3.2 (a:TiSi:~:)· At the amorphous silicide- a:Si inter
face voids (presumably Kirkendali voids, as was suggested insection 5.3.2) 
are visible. The thickness of the amorphous layer at the Ti - a:Si interface 
as measured from the TEM micrographs is (7 .4 ± 0. 7) nm for the 400 oe 
anneal. This compares well with the amorphous silicide thicknes which can 
be derived from the micrographs of the trilayer stacks in Fig. 5.5b for the 
sample annealed at 400 oe ((8 + 1) nm). 

At the Ti - xSi interface a planar reacted layer is formed too. From the 
absence of bright field contrast in the layer one concludes that the layer 
is amorphous or possibly microcrystalline. Preliminary diffractîon exper
iments on the reacted layers in the cross-section of the sample annealed 
at 450 oe were clone in the TEM with 'focussed condensor aperture nano
diffraction' [Jay86]. No differences between the diffraction patterns of the 
reacted layer at the Ti - xSi interface and that at the Ti - a:Si were found. 
In both cases, the diffraction pattem of the reacted layer consisted of diffuse 
rings without any evidence for the presence of crystalline material with a 
grain size larger than 2 nm. We will denote the present layer with 'TiSi 11 ' 

in order to be able to distinguish it from the previously discussed a:TiSi:~: 

layer. 
The thickness of the compound layer grown at the Ti - xSi interface 

during a 1h anneal at 400 oe is measured from the TEM micrographs to 
be (5.9 ± 0.3) nm. The reactions occurring at a crystalline and amorphous 
Si - Ti interface thus praeeed with approximately the same rate in the low 
temperature regime (below 450 oe). The small thickness difference which 
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Fig. 6.13. TEM cross-section micrographs of bilayer samples annealed during 1 h 

at 400 oe (a) and 450 oe (b). The arrow denotes a length of 100 nm. 
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Fig. 5.14. TEM cross-section micrographs of a bilayer sample annealed during 

1 h at 500 °0. The arrow denotes a length of 100 nm. 

is observed may be ascribed to the presence of interfacial impurities, but 
it can also be attributed to the presence of a reaction harrier at the xSi -
silicide interface (influencing the driving force or concentration gradient) 
or to differences in the reacted layer itself. 

Fig. 5.14 shows a bilayer sample annealed at a temperature of 500 °C 
during 1 h in vacuum. Although the top layer of unreacted aS i has probably 
disappeared during the ion milling process, two distinct reacted layers can 
be distinguished. The fairly course grained crystalline layer in the cross
section next to the aSi layer consists of the C49 TiSi2 phase. (Later we 
will show that this is consistent with composition measurements from AES 
and RBS.) The layer which is formed next to the crystalline Si substrate is 
also found to be crystalline and consists of very fine grains. Sporadically 
some larger crystallites were noted, in structure similar to the ones in the 
upper layer. The crystalline structure of the fine grained layer could not 
be determined, but it was definitely not the C49 TiSi2 phase. We will 
tentatively denote this crystalline layer with 'Ti Si' . 

Fig. 5.15 records elemental depth profiles obtained by sputter-depth 
profiling and AES of the as-deposited (a) and annealed ((b): 400 °C, (c): 
450 oe and (d): 500 °C) bilayer samples. After an anneal at 350 °C dur
ing 1 h a very slight reaction was noted, but that profile is not shown in 
Fig. 5.15. Consistent with the results obtained from cross-sectional TEM, 
after the anneal at 400 °C during 1 h a very distinct reaction had occurred. 
The slopes of the Si and Ti depth profile from both Ti - Si interfaces 
degraded, indicating interfacial compound formation. After an anneal at 
450 °C during 1 h nearly the entire Ti layer has reacted with the Si substrate 
and the deposited aSi layer. 
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Fig. 6.15. Auger depth pro

files of the bilayer samples, 

as-deposited (a) and annealed 

during 1 h at 400 "e (b), 
450 oe (c), and 500 oe (d). 

(solid line: SiLM M (91 e V), 
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(510 eV).) For the horizontal 

line pieces marked 'a' and 'b' 

in Fig. (d) see text. 
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Fig. 5.16. Rutherford backscattering spectra of the as-deposited and annealed 

bilayer samples. Note the development of a plateau corresponding to the compo
sition of TiSi2 at the Ti - aSi interface and the absence of such a plateau at the 

Ti- xSi interface in the spectrum for the sample annealed at 500 ''C. 

The present Si substrates were cleaned wet chemically, and some 0 and 
e is present on the Ti - xSi interface as discussed before. The 0 profile in 
Fig. 5.15 evidences that the oxygen which was originally present at the Ti
xSi interface has segregated ('snow-ploughed' [Mer84,Ber84,Ben85] to the 
unreacted central parts of the Ti layer by the advancing silicide reaction 
front. For clarity the e depth profile is not shown in Fig. 5.15. The 
magnitude of the interfacial e peak in the depth profile of the as-deposited 
sample was about the same as that of the 0 peak. Upon annealing the e 
impurities were also pushed to the unreacted center of the Ti layer, similar 
to oxygen. 

Fig. 5.16 shows the Rutherford backscattering (RBS) spectra obtained 
from an as-deposited sample and samples annealed at 450 oe and 500 oe 
in vacuum during 1 h. In agreement with the TEM and AES results, after 
the 450 oe anneal a clear reaction can be noted on bath interfaces. Simula
tions of the spectra obtained from samples annealed at 400 oe and 450 oe 
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Fig. 5.17. Measured (dots) and simulated backscattering spectra for the bilayer 

sample annealed at 450 "C. Two simulations are drawn in the figure. The dashed 

line represents the situation that only the aSi layer delivers Si to the reaction 

fronts. The solid line represents the situation that both the substrate and the aSi 

layer participate in the reaction. 

suggested a thin layer of monosilicide to be present at both interfaces . 

Using Rutherford backscattering it can be shown that the Si needed 
to form the reacted layer at the xSi interface is originating directly from 
the Si substrate and not from the alternative source: Si from the aSi layer 
transported through the Ti layer by some kind of fast diffusion mechanism 
(for example grain boundaries). In order to find out which is the actual 
souree of the Si in the reacted layer next to the xSi substrate we simulated 
RBS spectra corresponding to the two viabie alternatives: (i) both Si layers 
grow from Si originating from the toplayer of aSi and (ii) the reacted layer 
next to the xSi substrate is formed by reaction with the Si substrate while 
the reacted layer next to the aSi layer is formed by reaction with that 
aSi layer. Both simulations are shown tagether with the measured data in 
Fig. 5.17. It may be clear from this tigure that the simulation according 
to the second alternative is by far the best fit to the measured spectrum. 
Similar conclusions were reached for the samples annealed at 400 oe and 
500 oe. 
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From a bilayer sample that was annealed at 500 oe during 1 h the Auger 
depth profile in Fig. 5.15d results. A clear plateau has developed at the 
Ti - aSi interface, the formation of which is evident from the RBS data 
too (Fig. 5.16). A good fit to that part of the spectrum could be obtained 
by assuming a layer of TiSi2 at the Ti - aSi interface. No clear plateau is 
visible at the Ti - xSi interface. The limited depth resolution of RBS in the 
present measuring conditions prevents an unambiguous condusion on the 
stoichiometry of the reacted layer at the Ti- xSi interface. A good fit could 
however be obtained by assuming a TiSi layer at the Ti - xSi interface. 

Additional data on the composition of the reacted layers can be derived 
from the Auger depth profiles. The Ti/Si atomie ratio can be derived from 
the ratio of the Auger peak to peak intensities measured in the middle of 
the reacted regions (as indicated in Fig. 5.4d by the straight horizontalline 
pieces 'a' and 'b') and the calibration described in the previous section (see 
Fig. 5.11). For the reacted region next to the aSi interface we derive an in
tensity ratio of Y Til /Y Si = 0.61 ± 0.05, corresponding toa Si concentration 
of (66 ± 4) at. %. This value is close to the value of the Si concentration in 
the disilicide and agrees with the RBS data. Thus the Auger depth profile, 
the RBS data and the TEM cross-section of the 500 oe annealed sample 
show the formation of the e49 TiSi2 phase at the Ti - aSi interface. 

For the intensity ratio Y Til /Y Si in the reacted layer at the xSi inter
face one finds a value of 0.77 ± 0.07, corresponding to a Si concentration 
of (50 ± 10) at. %. This value of the Si concentration represents the com
position of the fine grained reacted layer formed by the reaction of Ti with 
xSi observed in the cross-section of Fig. 5.14. The composition of the ma
terial next to the xSi substrate is thus found to be close to that of the 
monosilicide and the material is crystalline. In the initia! reaction stages of 
Ti - xSi ditfusion couples the orthorombic TiSi [Bru61] phase is frequently 
observed besides the e49 TiSi2 phase [Bey85,Hou86,Hun83] Therefore the 
layer discussed here may be the orthorombic monosilicide. Apparently the 
formation of the disilicide is more difficult in a reaction with xSi than in a 
reaction with aSi. 

If samples are only cleaned with a wet chemica! cleaning procedure some 
monolayers of e and 0 are present on the surface befare Ti deposition. In 
addition, if a HF dip is included in the cleaning procedure, a minor amount 
of F may be present. In practice and if needed these residual impurities can 
be removed by a sputter-etch performed in the same vacuum system where 
the Ti layer is to be deposited. This paragraph describes the effects of such 
a sputter-etch on the low temperature reaction of Ti and xSi. For that 
purpose single layer samples containing a 50 nm Ti layer were annealed 
at a temperature of 400 oe during 5 h in vacuum and were analyzed with 
RBS. From previous sections one derives that during such an anneal a Ti-
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Fig. 5.18. Measured Rutherford backscattering spectraforTi layers on monocrys

talline Si annealed at 400 °0 during 5 h . (a) HF dip before inserting the wafer in 

the deposition system; (b) HF dip and additional in-situ sputter-etch to re move 

resiudual impurities. solid lines: as-deposited, dots: annealed. 

aSi interface would react tofarm about 14 nm of an amorphous silicide of 
average equiatomic composition (see Fig. 5.7). In Fig. 5.18 the RBS spectra 
for the as-deposited and annealed sample are shown. Fig. 5.18a shows the 
results for a wet-chemica} clean only whereas Fig. 5.18b shows the results 
for the sample which was additionally cleaned with an in-situ sputter-etch. 

For both annealed samples a good fit to the spectra could be obtained 
by assuming a layer of (15 ± 8) nm TiSi to be present. We observed 
no significant differences in the spectra for the sputter-etched and non 
sputter-etched sample after the low temperature anneal. Moreover, the 
observed layer thickness is similar to that which farms during a simi
lar anneal on a Ti - aSi interface. Apparently, a Ti - xSi interface and 
a Ti - aSi interface are equally reactive, even if some residual impuri
ties are present at the Ti - xSi interface. This is consistent with earlier 
work. For example, Taubenblatt et al. [Tau85,Tau82,Tau86] and others 
[Rub86,Lir85,Abd86] have shown that upon deposition of Ti on a contam
inated Si surface the Si - C and Si - 0 bands are readily broken, even at 
room temperature, to form a solid salution of 0 or C in Ti. Several re
search groups [Mer84,Ber84,Ben85,Hou86,Aum85] have shown that C and 
0 are readily redistributed in the unreacted Ti layer during the reaction of 
Ti with Si. The Auger depth profiles for 0 in Fig. 5.15 are in agreement 
with these findings. 
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Summarizing, in reactions of Ti with two different structural farms of Si, 
namely sputter-deposited (amorphous) and monocrystalline Si, it appears 
that at temperatures nat exceeding 450 oe, the rate for the reaction with 
xSi is the same as the rate for the reaction with aSi. lt was established 
that in the reaction of Ti with aSi an amorphous silicide formed. The 
crystalline state of the layer formed from reaction with a crystalline Si 
substrate remains unclear. From the similarities of the layers in growth rate, 
composition and bright field contrast in the TEM we tentatively conclude 
that the layers grown simultaneously from Ti and xSi or aSi are structurally 
and compositionally the same. At higher temperatures, however, a marked 
difference in reaction occurs. In the reaction of Ti with amorphous Si at 
a temperature of 500 oe the e49 TiSi2 phase nucleates and grows. When 
the same Ti layer is reacted with crystalline Si at temperatures of 500 oe a 
crystalline reacted layer of approximately equiatomic composition formed, 
presumably orthorombic TiSi. 

elues for understanding the differences in reaction of Ti with aSi and 
xSi are affered by the literature on the formation of the isotypical silicides 
of the systems Hf- Si and Zr- Si [Mas87] (see chapter 1). 

It is known that in the reaction of Hf with xSi at temperatures of about 
600 oe the growth of HfSi is ditfusion controlled. At higher temperatures 
(685 oe) the disilicide phase farms, but its growth is controlled by oude
ation of the HfSh phase in the monosilicide [Zie73]. Similar resultsobserva
tions are reported in the Zr- Si system, the 'nucleation temperature' for the 
formation of disilicide being somewhat lower (625 oe) [Heu88]. Recently 
So et al. [So 86] stuclied the reaction of Hf and evaporated (amorphous) Si. 
Again, the monosilicide formed first; the growth of HfSi2 from HfSi onaSi 
is reported to be ditfusion controlled, however. A nucleation controlled 
process for the growth of the disilicide from the monosilicide in the case 
of reaction of the metal with xSi and a ditfusion controlled growth process 
in the case of reaction with aSi is now reported for many other silicides 
toa, for example eoSi2 [Lin84b], NiSi2 [Lin84c], erSi2 [Lin86] and ErSiu 
[Lau82]. These observations can be explained by consiclering the following 
reactions and their associated free energies ó.G. 

MSi + xSi ~ MSi2 

MSi + aSi ~ MSi2 

ó.G = !::J.Gz + ó.Ga-z 

(5.1) 

(5.2) 



Ti - xSi: High Temperature Reaction 121 

where M stands for a transition metal, and !::1Ga.-x is the (negative) free 
energy of crystallization of oBi. The reaction free energy of the fi.rst reac
tion (with xSi) is usually very small. For example in the case of M = Zr it 
is only about- 1.5 kJ /mol at room temperature (neglecting entropy effects) 
[Nic83,Pre78], which is of the order of kT (2.5 kJ /mol at room tempera
ture). The disilicide is thus barely stabie with respect to the monosilicide 
and crystalline Si. For reactions with such low free energy changes, one 
expects nucleation to play a crucial role in the silicidation process [Heu88], 
see also chapter 4. The heat of crystallization of amorphous Si is about 10-
18 kJ/mol, dependent on the amount of relaxation [Sin88,Fan81], so that 
in forming the disilicide from reaction with aSi the free enthalpy change 
is much larger than in the reaction of the monosilicide with xSi. Large 
heats of reaction are associated with low nucleation harriers, consequently 
leading to lower nucleation temperatures which explains the above results. 

The above reasoning for Hf and Zr silicides is directly applicable to the 
observed reactions in the Ti - Si system. In the case of M = Ti in reaction 
5.1, the free enthalpy of reaction to farm the equilibrium e54 structure 
silicide from the monosilicide amounts to- 1.5 kJ/mol [Nic83,Pre78]. The 
enthalpy of reaction to the e49 polytype is not known, but it can scarcely 
exceed this value. It is also observed that at low temperatures ( upto 450 oe) 
Ti - aSi interfacial reaction leads to the formation of an amorphous com
pound with an average composition of the monosilicide. Low temperature 
reaction of a Ti- xSi interface leads to the formation of a similar compound. 
In analogy with the reactions in the Zr and Hf systems, the low values of 
the heat of reaction when forming the disilicide from the monosilicide im
plies that a nucleation harrier is to be expected in the case of the reaction 
with crystalline Si but not for the reaction with amorphous Si. 

Nucleation difficulties on a monocrystalline substrate may also explain 
the irreproducible results reported by Hung et al [Hun83] for the Ti - xSi 
reaction and the inconsistencies observed in literature [Iye85,Aum85,Pic86] 
[Ben85]. In the next section the reaction of Ti with xSi at conventional 
growth temperatures (550 oe to 700 oe) will be examined. 

5.4.2 High Temperature Reaction 

The main objective of the investigations in the present section is to unravel 
the technologically important question why the reaction on a crystalline Si 
substrate is so difficult to reproduce [Hun83] 

Si substrates with (100) orientation and p-type 20 - 50 Ocm resistivity 
were cleaned wet chemically including a dip etch in a 1% aqueous HF 
solution. For the present experiments the single layer sample structure as 
defined in Fig.5.1c was used with a Ti layer thickness of about 50 nm or 
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Fig. 6.19. Rutherford backscattering spectra for a single 100 nm Ti layer on crys

talline Si heated in-situ in the RBS target chamber showing the high temperature 

reaction. Note the roughening of the interfaces af ter the first reaction step ( 5 min. 

at 575 °0). 

sometimes about 100 nm. Small rectangular (10 * 20 mm2 ) samples were 
cut from the wafers. These samples could be heated in the Rutherford 
backscattering target chamber by passing current through the samples. The 
temperature was measured with an infrared pyrometer set for the emissivity 
of pure Ti (f ~ 0.35) [Tou70]. The residual gas pressure in the (unbaked) 
target chamber during heating was about 10-4 Pa, the main component 
being water vapour. An advantage of heating our samples in the RBS target 
chamber is that many of the reproducability problems will be absent. The 
reaction kinetica can he stuclied by doing several measurements at nearly 
the same location on the same specimen. 

A typical series of backscattering spectra is presented in Fig. 5.19. The 
reaction of a nominally 100 nm Ti layer and monocrystalline Si at a tem
perature of 575 oe is shown as a function of anneal time. (Samples were 
cooled between the anneals.) After the first heating cycle (5 min at 575 oe) 
changes in the low energy side of the Ti signal and the high energy side of 
the Si signal evidence a reaction at the Ti - xSi interface. The shape of the 
RBS signals and the absence of a clear plateau indicate that the reaction 
is associated with a considerable roughening of the interfaces. 
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Fig. 5.20. Measured (dots) and simulated (solid line) Rutherford backscattering 

spectrafora Ti layer on crystalline Si annealed during 15 min . at 575 "C. The sim

ulation is performed with the layer structure as indicated in the figure. Numbers 
denote the total number of atoms in the layer. 

The RBS spectrum of the reacted samples was simulated in terms of 
the layer structure depicted in Fig. 5.20. The part of the RBS spectrum 
corresponding to the silicide usually could be simulated satisfactory with 
two silicide layers: a layer with a composition of about 50 at.% Si (TiSi) 
on top of a layer with a composition of about 67 at. % Si (TiSi2) next to 
the Si substrate. The introduetion of (a constant and smal! amount of) 
straggling [Doo85] in the simulation was necessary to obtain a good fit to 
the spectra of the reacted samples. From comparison of the measured and 
simulated spectrum (for example that shown in Fig. 5.20). it appears that 
the total amount of reacted Si is a very critica! parameter in the fit. Usually 
it can be determined with a relative inaccuracy of about 10 %, except for 
the slightly reacted samples where the inaccuracy is somewhat larger. The 
layer thickness of the TiSi layer could not be obtained very accurately. 
Some monosilicide could be traded for the disilicide without affecting the 
fitted spectrum very much. Usually the TiSi layer thickness was found to 
correspond to 3 to 6 * 1016 at/cm2 (10 to 20 nm). lt was found convenient 
to derive the total amount of reacted Si from the simulation and to treat 
this as a representative measure of the amount of silicide formed. 
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Fig. 5.21. Squared reacted amounts of Si as a function of reaction time deter

mined from simulations of Rutherford backscattering spectra. A 100 nm Ti layer 

on crystalline Si was used. A straight line would indicate a dilfusion controlled 
reaction. Note the fast initia} reaction. 

Fig. 5.21 shows the square of the amount of reacted Si as a function 
of anneal time. It is assumed that all reacted Si is present as Si in the 
disilicide. The thickness of the disilicide layer can then be derived using 
the molar volume of the disilicide phase. Using the value of bulk TiSb 
(V?;8 i 2 = 42.4 * w-24 cm-3 ) one obtains the thickness scale as indicated 
on the right hand side abscis of Fig. 5.21. The error due to the presence of 
some monosilicide is expected to be small. 

From Fig. 5.21 it can be concluded that the growth of the silicide is 
diffusion controlled, at least in the later stages of the reaction were a single 
straight line fits the measured data. From the slope of th~ straight lines 
one derives an effective chemica} inter-diffusion coefficient D as defined by 
the equation: 

dx 

dt 

D 
x 

or 
- x2 
D=--

2 t 
(5.3) 

where x is the reacted layer thickness. The measured values of the effective 
inter-diffusion coefficient as a function of temperature are presented in the 
Arrhenius plot of Fig. 5.22. Also shown are the values of the inter-diffusion 
coefficient as measured by Hung et al. [Hun83] for the reaction of Ti with 
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Fig. 5.22. Effective chemical inter-diffusion coefficients as a function of reciprocal 

temperature. Solid dots: derived from Figs. 5.21 and 5.23 ; open dots: derived 

from the workof Hung et al. [Hun83J. 

amorphous Si. From the slope of the solid straight line an effective activa
tien energy of(l.9 ± 0.1) eV can be derived which agrees with that derived 
from Hung's data (1.8 ± 0.1 eV). The difference in absolute magnitude 
of the diffusion coefficient may be caused by differences in temperature 
calibration (~ 25°C). 

In Fig. 5.21 it can be observed that befare the diffusion controlled stage 
of the reaction sets in, the reaction proceeds with a much faster rate in the 
initia! stages. We tried to obtain a more detailed picture of these initia! 
stages of the reaction and the transition to the diffusion controlled stage by 
annealing many samples at the same temperature (600 °C) during different 
times. A Ti layer of 50 nm nominal thickness was used. The amount of 
reacted Si was determined as before. 

The square of the amount of reacted Si is shown as a function of anneal 
time in Fig. 5.23. Different samples of the same wafer were found to give 
sametimes drastically different silicide thicknesses . Cleaning the samples 
in-situ with a sputter-etch in the deposition chamber just prior to Ti de
position did not yield the expected impravement in reproducibility. On 
some sputter-cleaned samples an intermediate, very thin (about 5 nm), co-
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Fig. 5.23. Squared reacted amounts of Si as a function of anneal time at a tem

perature of 600 °C. The initia! fast reaction step is thought to be controlled by 

nucleation, while the slower reaction is controlled by diffusion. The measurements 

are for different conditions of the interface. HF dip: only wet chemically cleaned; 
sp.etch: with an additional in-situ sputter-etch; 5 nm TiSi2 : sputter-etch and 

deposition of a thin intermediate layer of the stoichiometrie TiSi2 composition. 

sputtered layer of composition Ti/Si= 1/2 (as described in chapter 2) was 
deposited. The latter samples yielded no impravement in reproducability 
either, and the presence of such a thin TiSiz layer at the Ti - xSi interface 
apparently does not influence the kinetics of the reaction. 

A more detailed inspeetion of Fig. 5.23 shows that the slope of the 
straight lines in the ditfusion controlled part of the reaction does reproduce 
from sample to sample, and that ditfusion coefficients derived from the slope 
of these lines agree closely with the values of the chemical inter-ditfusion 
coefficient as measured in the entirely ditfusion controlled reaction of Ti 
with amorphous Si (Fig. 5.22). We conclude that the irreproducibility is 
concentrated in the initial stages of the reaction or, more specifically, in the 
position of the transition point of the fast initial reaction to the ditfusion 
controlled reaction and possibly the rate of the fast initial reaction itself. 

Such an irreproducible behaviour of Ti- crystalline Si thin film ditfusion 
couples as compared to the reproducible behaviour of Ti - aSi ditfusion 
couples has been noted by other investigators too [Hun83]. Moreover, a 
fast initial reaction or a positive abscis intercept of the squared reacted 
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thickness versus time plot can also be noted from the work of lyer et al. 
[Iye85], Aumann et al. [Aum85] and Pico et al. [Pic86]. 

The differences between the reaction of Ti with aSi and xSi have been 
attributed [Hun83] to the aSi - Ti interface being considerably cleaner than 
the xSi - Ti interface. From the previous section it can be concluded that 
the common interfacial impurities like C and 0 do not inhibit the Ti -
xSi reaction very much at low temperatures ( about 400 °C). lt is not 
expected that they will affect the reaction in the high temperature regime 
much more. An alternative explanation for the bad reproducibility of the 
Ti - xSi reaction is based on the nucleation difficulties of the disilicide 
on a xSi - monosilicide interface due to the small heat of reaction when 
forming the disilicide as was introduced in section 5.4.1. The considerable 
roughening of the layer during the reaction may also be an indication that 
nucleation plays a significant role in the early stages. 

The nucleation rate will be very sensitive to interfacial energies, heat 
of reaction, stress, and the presence of heterogeneaus nucleation sites as 
interfaces and grain boundaries. The magnitude of these parameters will 
be influenced by for example the presence of minute amount of impurities 
which hardly can be avoided in practical experiments. lrreproducability 
is then easily explained from the combination of the sensitivity of the nu
cleation process to the prevailing conditions and the presence of probably 
unavoidable impurities in the Ti, in the Si, at grain boundaries, surfaces 
and interfaces. 

It is reported that annealing of a thin Ti layer on xSi in ultra high 
vacuum results in the surface segregation of Si long befare a bulk silicidation 
reaction occurs [But84,1dz86] . Moreover, when a Ti layer is deposited on 
an oxidized Si wafer, which contains contact holes to bare Si and annealed 
in vacuum, lateral formation of silicide over the oxide edges occurs. The 
rate of this lateral ditfusion process is much faster than the rate which is 
dictated by normal ditfusion controlled growth [Hov88] . The rapid lateral 
silicidation and the segregation of Si at the surface are both thought to 
be indications of the presence of fast interphase grain boundary material 
transport paths in Ti - Si ditfusion couples. Nucleation of a new phase 
always requires the creation of interphase boundaries. The presence of these 
interphase boundaries in the nucleation controlled part of the silicidation 
process might explain the fast reaction rate in the initial reaction stage. 
The rate of this fast transport mechanism is likely to be very sensitive to 
the presence of minute amounts of impurities at the interphase boundaries, 
and might attribute to the irreproducible behaviour of a Ti - xSi ditfusion 
couple. 
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The importance of nucleation and the presence of fast interphase dilfu
sion paths leads to the following model to explain the behaviour of Ti - xSi 
diffusion couples (see Fig. 5.24). 

(i) At low temperatures ( 400 oe to 500 oe) a mixed planar layer of approx
imately equiatomic composition is formed (Fig. 5.24b). The growth 
of this layer is probably controlled by diffusion through that layer. 

(ii) At a temperature of about 525 oe the e49 TiSi2 phase nucleates 
(Fig. 5.24c), probably heterogeneously on the Si - monosilicide in
terface. 

{iii) The separate nuclei grow by fast transport along the Si - e49 TiSi2 
interphase boundary (Fig. 5.24c), the TiSi - e49 TiSi2 interphase 
boundary or both. 

(iv) Finally the nuclei coalesce into a continuous TiSi2 layer (Fig . 5.24d), 
and the silicide grows controlled by diffusion through the silicide layer 
itself. This growth stage corresponds to the straight lines in Fig. 5.21 
and 5.23. 

Initially, some monosilicide will remain in the stages (iii} and {iv}. Later in 
the reaction this monosilicide may disappear in favor of the faster growing 
disilicide. The difference in behaviour of a Ti - o:Si and a Ti - xSi diffusion 
couples is essentially caused by the much lower nucleation temperature of 
the disilicide phase in the o:Si case. The lower nucleation temperature of 
the disilicide on an o:Si surface leads to a continuous layer at a much lower 
thickness. 

We conclude that the non-reproducability of the Ti - xSi reaction is 
not directly due to the presence of some monolayers of interfacial impmi
ties after common cleaning procedures The alternative explanation based 
on the nucleation difficulties of the disilicide is more consistent with the 
behaviour of impurities at low temperatures and the observed low temper
ature intermixing of Ti with o:Si and xSi. In a conventional salicide process 
invalving rapid thermal annealing in N2 an undesirable dependenee of sili
cide thickness on dopant level and type in contact holes is frequently ob
served [Hov88,Bey87]. One might anticipate that this effect too is related 
to the nucleation phenomena as described in this section. Similarly, the 
typical roughness observed for silicidized Ti cantacts [Hov88] probably is 
not caused by the presence of a native oxide on xSi after typical cleaning 
procedures, but rather will be related to the nucleation difficulties of the 
disilicide on a xSi substrate [Heu88]. 
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Fig. 5.24. Model for the nucleation and growth of silicides in a Ti - xSi ditfusion 

couple. (a) as-deposited, some limited interaction may have taken place already 

in this stage of the process (not indicated); (b) formation of a reacted layer of 

approximately equiatomic composition; (c) nucleation of the disilicide, the typical 

distance between the nuclei is of the order of 10 nm; (d) ditfusion controlled growth 

of TiSi2. 
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5.5 Conclusions 

In this work the reactions in various sputter-deposited Ti - Si ditfusion 
couples were investigated in the temperature range of 300 oe to 700 oe. 
Both the reaction of Ti with crystalline Si as well as the reaction with 
sputter-deposited a:Si has been addressed 

In the case of reaction of Ti with a:Si it has been shown that, before 
any crystalline silicides formed, the polycrystalline Ti layer reacts with the 
a:Si layer to form an amorphous silicide. inter-ditfusion of the Si and Ti 
layers occurred at temperatures as low as 350 oe, while a crystalline silicide 
( e49 TiSi2 ) only formed at temperatures of 500 oe and higher. The average 
composition of the amorphous silicide { a:TiSix ) was close to equiatomic. 
lt was found from Auger depth profiling that a large composition gradient 
exists over the growing amorphous silicide, the silicide being very Si-rich 
near the Si - silicide interface { csi ~ 0. 7) and Si poor near the silicide -
Ti interface (csi ~ 0.2). A calculation of the free energy diagram of the 
Ti - Si system showed that such a large phase field is to be expected from 
thermodynamica! arguments. 

The a:TiSix layer could be grown thermally to quite large thicknesses: 
a layer of Ti could be reacted with amorphous Si to form about 18 nm of 
amorphous silicide. The growth of the amorphous phase was accompanied 
by the nucleation and growth of Kirkendali voids at the a:Si - a:TiSix inter
face, indicative of a high mobility of Si and a low mobility of Ti at these 
low temperatures. The growth of the amorphous silicide was consistent 
with a ditfusion controlled process in the initial stages. The inter-ditfusion 
coefficient was consistent with extrapolations from those derived from the 
reaction rate at higher temperatures. The growth and coalescence of the 
KirkendaB voids at the a:Si - a:TiSix interface eventually causes a devia
tion from ditfusion limited growth to occur by suppressing the Si flux to 
the growing layer. The interfacial contact area will be reduced until the 
growth virtually stops at a thickness of 18 nm. 

When a Ti layer is reacted with monocrystalline Si the reaction pro
ceeds very similar to the reaction with a:Si at low temperatures (:::; 450°C) 
in that a reacted layer TiSi 11 of approximately equiatomic composition is 
formed. Preliminary electron ditfraction experiments revealed no ditfer
ences between the TiSi 11 layer formed from xSi and the a:TiSix layer formed 
from a:Si. The reaction rate is approximately equal to the reaction rate 
with a:Si. The Ti - xSi interface and the Ti - a:Si interface appear about 
equally reactive, even if some interfacial impurities like C and 0 are present 
on the Ti - Si interface. At a reaction temperature of about 500 oe pro
found ditferences between the Ti- xSi and Ti- a:Si reaction were noticed. 
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Whereas on amorphous Si the disilicide ( e49 phase) nucleates readily, it 
does not nucleate on crystalline Si. 

These nucleation difficulties are reflected in the behaviour of a Ti - xSi 
ditfusion couple at normal growth temperatures (550 oe to 700 oe). The 
reactions are stuclied in detail with Rutherford backscattering speetrometry 
and in-situ annealing in the target eh amber. Two distinct regimes of reac
tion were noticed. Firstly a fast initial reaction is ascribed to the nucleation 
of the disilicide and the presence of a fast interphase boundary transport 
mechanism. Secondly, as soon as the nuclei coalesce into a continuous layer 
of the disilicide, the reaction proceeds with a normal and very reproducable 
ditfusion controlled rate. The irreproducible behaviour of Ti - Si ditfusion 
couples can now he explained from the sensitivity of the nucleation rate 
and the rate of the fast interphase transport mechanism to the prevailing 
conditions. 
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Chapter 6 

Summary 

In order to alleviate the problems associated with downsealing and in
creasing complexity of integrated circuits, the development of novel high 
temperature resistant contact and interconneet materials with a low elec
trical resistivity is needed. Silicides, i.e. compounds between a ( transition) 
metal and silicon are very interesting materials for application in integrated 
circuits. Therefore, the formation mechanisms and properties of silicides 
have been stuclied extensively in the last decade. However, much remains 
to be done before a complete picture of the reactions of metals with Si is 
obtained. 

This thesis describes formation mechanisms and electrical properties 
of titanium silicide, the silicide which is certainly going to be applied in 
integrated circuits. Titanium silicide (TiSh) is fitted in the process flow of 
integrated circuits by essentially two preparation methods: (i) heat treating 
a co-sputtered amorphous alloy of Ti and Si which causes a crystallization 
reaction to occurr and (ii) heat treating a Ti - Si ditfusion couple which 
causes compound growth by chemica} inter-diffusion. In chapters 2 to 4 
silicide formation with the first metbod is described while in chapter 5 the 
formation mechanisms corresponding to the second preparation metbod are 
treated. 

In chapter 2 it is described how the crystallization of Ti - Si binary 
amorphous alloys is stuclied by annealing in-situ in a transmission electron 
microscope. This metbod offers a nice way to separately observe the nucle
ation and growth of silicide crystals in an amorphous matrix in real time. 
We observed the alloys to crystallize through a random nucleation and 
growth process with constant rates (at a particular temperature) . A high 
degree of faulting was noted in the crystalline materiaL An investigation 
of the nature of these faults showed these defects to be stacking faults, the 
presence of which could be related to the crystal structure of the silicide. 
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An investigation of the effects of these faults on the resistivity is re
ported in chapter 3. For that purpose the resistivity of co-sputtered Ti- Si 
alloy thin films was measured during the reactions. Three different reac
tion stages were easily recognized: {i} nucleation and growth of the so-called 
e49 TiSh at a temperature of about 300 oe; {ii) a hitherto unidentified 
precipitation reaction in the temperature regime of 300 oe to 750 oe; and 
(iii} a polymorphic phase transition from the e49 to the so-called e54 
phase at temperatures of about 800 oe. 

During the course of a typical anneal process a large but sluggish de
crease in resistivity of the crystalline material occurs during the precipita
tion reaction. This resistivity decrease could only partly be explained from 
a decrease in density of the above mentioned stacking faults. For the first 
time it was shown that the phase field of the e49 TiSi2 phase (which is a 
particular crystalline farm of the disilicide) may be of substantial width. 
A decrease in the density of point defects, due to stoichiometry deviations, 
explained the other part of the observed resistivity decrease. At tempera
tures exceeding 750 oe a phase transformation occurs from the e49 phase 
to the e54 TiSh phase. This transformation is beneficia} from a technolog
ical point of view, because it happens to be aasociated with the eliminatien 
of practically all faults and point defects from the silicide, thus creating a 
material with a reproducably low resistivity. 

The overall kinetica of the different phase transformations in the Ti - Si 
aystem are conveniently measured with in-situ resistivity measurements. 
Such kinetic studies are reported in chapter 4. Bath the crystalization 
reaction and the e49 - e54 phase transformation could be described re
markably well with a constant (random) nucleation rate and a constant 
linear growth rate in terms of the so-called Johnson-Mehl-Avrami equa
tion. The effective activation energies can be determined from an analyses 
of the reaction kinetica. The activation energy of the e49 - e54 transfor
mation was so high that it was concluded that nucleation of this phase is 
the difficult reaction step. 

erystallization temperatures were reported as a function of composition 
in chapter 4 toa. Amorphous Ti - Si alloys with compositions correspond
ing to the central or Ti-rich part of the phase diagram (Si concentratien 
between 0.2 and 0.6 ) crystallized at temperatures of about 500 oe. This 
temperature appeared to be higher than the temperatures at which first 
reactions occurred in Ti - Si ditfusion couples. eonsequently, it was pos
sibie to react Ti and Si to an amorphous phase (see further). A marked 
depression of the stability of the amorphous alloy was found for composi
tions near that of TiSi2. Values of the crystallization temperature as low 
as 270 oe were measured. These phenomena were discussed in terms of 
existing rnadeis for crystallization of amorphous alloys . 
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In chapter 5 reactions in Ti - Si diffusion couples were described in 
the temperature regime from 300 to 700 oe. A review from the literature 
revealed many ambiguities and the absence of a detailed study towards 
the kinetics of silicide formation in a Ti - crystalline Si diffusion couple. 
Differences in the reaction of Ti with Si in an amorphous or crystalline 
state are reported for which a solid explanation is still sought. Reactions 
were stuclied with Auger electron spectroscopy, Rutherford backscattering 
and cross-section transmission electron microscopy. 

At low temperatures (smaller than about 475 oe) the reaction of Ti 
with aSi and xSi proceeded very similar. At these low temperatures no 
equilibrium silicide phases were formed, rather, an amorphous metastable 
alloy of about equiatomic composition farms. Differences between the re
action of Ti with aSi or xSi are found after anneal at higher temperatures 
( about 500 oe). While on amorphous Si the disilicide nucleates readily, it 
does not so on crystalline Si. The nucleation difficulties of TiSiz on xSi 
were ascribed to the contribution of the heat of crystallization of aSi to the 
total heat of reaction. 

The above identified nucleation difficulties are also reflected in the be
haviour of Ti - xSi diffusion couples at slightly larger growth temperatures 
which are normally used in salicide processing (550 oe to 700 oe). In this 
temperature regime the reaction could be separated in a nucleation con
trolled initia} part, and a normal diffusion controlled part. It was shown 
that many reproducibility probieros in the Ti - xSi reaction are primarily 
due to the nucleation controlled kinetics in the initia} reaction stages. 

This study was intended to contribute to the knowledge of Ti-silicides 
and reactions occurring in the Ti - Si system. Important from a technolog
ical point of view is the profound preserree of nucleation difficulties. These 
difficulties occurr as well during the formation of e49 TiSiz on a crystalline 
Si substrate as during e54- e49 phase transformation This knowledge may 
lead to new ways of tackling technological problems. 

From a scientific point of view, it seems worthwile to study the crystal
lization reactions in different co-deposited ( amorphous) silicides in a more 
systematic way. Interesting findings in such amorphous films are the de
crease in crystallization temperature for compositions near that of TiSi2• 

Since we have demonstrated that a solid state amorphization reaction oc
curs readily in the Ti - Si system knowledge on crystallization reactions 
may also imprave our basic understanding of metal - Si reactions and first 
phase nucleation rules. 
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1. Slecht reproduceerbaar gedrag van de reactie tussen titaan en kristal
lijn silicium zoals gerapporteerd door Hung e.a. is niet primair te 
wijten aan onzuiverheden op het Ti - Si grensvlak. 

Dit proefschrift, hoofdstuk 5. 
L.S. Hung, J. Gyulai, J.W. Mayer, S.S. Lau en M.A. Nicolet, 
J. Appl. Phys. 54, 5076 (1983). 

2. De kinetiek van het vormen van holtes in, en uitstulpingen op, alu
minium geleidespoortjes tengevolge van electramigratie is tot op heden 
slecht beschreven. Het verdient aanbeveling om de beschrijving van 
deze kinetiek in termen van de Johnson-Mehl-Avrami vergelijking 
nader te bestuderen. 

K.P. Rodbell, M. V. Rodriguez en P.J. Ficalora, J. Appl. 
Phys. 61, 2844 (1987). 

3. Een hoge restweerstand van de C49 TiSb fase wordt veroorzaakt door 
zowel stapelfouten als puntfouten. 

Dit proefschrift, hoofdstuk 3. 

4. Diffusie gekontroleerde groei van een intermetallische fase in een dif
fusiekoppel wordt dikwijls geanalyseerd met behulp van de volgende 
groei vergelijking: 

dx 

dt = 
D 
x 

waarin iJ een konstante en x de laagdikte. Het is echter niet konsek
went om de meetresultaten te analyseren in een grafiek van x tegen 
..;t. 

5. Er is op het moment geen afdoende bewijs wat aantoont dat TiSi2 in 
de C49 kristalstruktuur inderdaad een metastabiele fase is. Analoog 
aan het bestaan van tetragonale en hexagonale structuren van MoSi2 
en WSi2 kan de C54 structuur als een hoge temperatuur modificatie 
van de C49 struktuur gezien worden. 

Dit proefschrift, hoofdstuk 1 
R. Beyers en R. Sinclair, J. Appl. Phys. f?l, 5240 (1985). 



6. De kwalitatieve evolutie van tennisrackets naar "midsize" formaat 
heeft ten onrechte niet geleid tot een vergelijkbare evolutie van het 
bespanningsmateriaal. 

7. De stabiliteit van een amorfe diffusiebarriere in een geïntegreerd cir
cuit is in het algemeen niet gelimiteerd door een te lage kristallisatie
temperatuur maar door een te lage reactietemperatuur met het aan
grenzende silicium of metaal. 

M .A. Nicolet, I. Suni en M. Finetti, Solid State Technol. p. 
129, december (1983). 
L.S. Hung, F .W. Saris, S.Q. Wang en J.W. Mayer J. Appl. 
Phys. 59, 2416 (1986). 

8. Het model van Vincent voor de beschrijving van driedimensionale 
groei van dunne films geeft een verrassend goede weergave van de 
realiteit als tweede orde kiemen niet geteld worden. 

R. Vincent, Proc. Roy. Soc. Lond. A 321, 53 (1971). 

9. Er bestaat geen eenduidige relatie tussen de gemiddelde ruwheid van 
een reflecterend oppervlak en de ellipsometrische hoeken W en ~ . 

I.J.M.M. Raaijmakers en M.J . Verkerk, Appl. Opt. 25, 3610 
(1986). 
J .R. Blanco, P.J. McMarr en K. Vedam, Appl. Opt . 24, 
3773 (1985). 

10. Acupunctuur hoeft in het algemeen niet de oorzaak te zijn van het 
daadwerkelijk stoppen met roken na een behandeling door een acupunc
turist. 

11. De zogenaamde "gemiddelde faal tijd" tengevolge van electramigratie 
in een geleidespoortje van een bepaald materiaal is geen goede repre
sentant van de eigenschappen van dat materiaal. 

F .M. d'Heurle en P.S. Ho in" Thin Films: Interdiffusion and 
Reactions" red. J. Poate, K.N. Tu en J . W. Mayer, (Elec
trochem. Soc., Princeton NJ 1978) . 


