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results of other studies, the data obtained exhibit a clear pat-
tern of behavior among the various metal films, but the detailed
picture appears to be complex .
‘9(u ) Development of marker experiments by ion-implanted Ar

or~~~~mark~~~~~> The marker experiments with an implanted inert gas
,4~ch a S A ~ or Xe have been shown to be a most useful technique
for the study of thin-film reaction generally. The interpretation
of the results in terms of microscopic features of the su icide

,~~emains largely open .

~~~~~iii) Clarification of the role played by oxygen contaminatior
in icide forma~ 4~~~.. The subject has been investigated for theSi formation at 600°C because this is a part in common Si device/ metallizations. When oxygen is present during the silicide’~/ forming reaction, an Si02 layer grows below the surface of the Ptf film as the front of the su icide approaches the surface of the Pt
film. This oxide forms a barrier between the remaining Pt and the\ PtSi and the reaction stops prematurely. This layer imparts

\ desirable apparent chemical inertness to the PtSi layer which ii
exploited in industrial processes-

L~ Stab.U..tt of silic ers~~ Pd2Si can be stabilized&gain.t an overlain Al m by interposing a thin film of Cr7” between the Pd2Si and the Al. The protective action comes from/ the fact that Cr on Pd2Si forms a su icide of its own (CrSi2) underannealing , but without that the Pd2Si layer loses its integrity.
Cr also forms a compound with the Al film above, but as long assome unreacted Cr remains as a buffer between the compounds formed
on either side by the Cr film an effective separation of Al and

\~~,, Pd2Si is accomplished.
Reaction 1 la ers with Si02. A comprehensive

.‘ study of the avior of th n me a Si02 during vacuum
~ ann.aling at elevated temperatures has establish~id that Hf, Nb, Ti ,V and Zr actually react with Si02. The result is a thin layer ofj metal su icide sandwiched between the Si02 substrate and a top

layer of metal oxide. The results conform to the thermodynamically
predicted outcome on the basis of that reaction. An empiricalmethod to determine without calculation whether a metal will react• or not with Si02 has been established using the electronegativity
of the metal. This knowledge j s valuable because metal films which

‘~, do not react with Si02 adhere poorly to it.
-

~ i I — -j ‘vi) Electrj,cal characte~j.stios of Pd2Si.~ Because of its
~ ~~tènded use as a contact materIal iiFSi~~~ VT~~ s, the electrical/ properties of Pd2Si formed from a thin film of Pd and Si have been/ investigated. Pd2Si is metallic in cbaracter and has a bulk( electron concentration of 4 x iO21cin ’-’. At room temperature, the

~ resistivity is about 3O~~ cm ar*1 t1~ Hall mobility is about 50cm2/vs,but these values depend on the substrate orientation.
0 (vii) A computer program was written to synthesize backsoatter
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EVALUATION

I. This report Is the Final Report on the contract . It covers research

done on metal sUicide formation during the three year period. The

objective of the research is the understanding and control over metallization

processes In integrated circuit processing. Many novel as wel l as con-

ventional metallization schemes have been studied and sig’iificant contributions

have been made towards the understanding of meta l silicide formation .

2. The above work is of value since it provides basic knowledge which

makes possIble new and improved devices for accomplishing signal processin9

In USAF radar , communications, etc .

D.~~~~~~~~~~~ i1~~~~~~~~Project Engineer
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• I. Review of Goals and Summary of Accomplishments.

• At the date of its inception (early in 1974), the main

goal to be pursued by the studies under this contract was a

clarification of the causes and processes which drive and

control the formation of su icides by thin metal films on

silicon substrates. Three areas were sinq].ed out for studies

in the first year (1974—75):

i Marker experiments, to shed light on the

atomistic processes at work during su icide

formation .

ii Clarification of the role played in su icide

formation by oxygen contamination.

iii Develop a general empirical picture on the

4 behavior of thin metal films on substrates by

broadening the data base to other metals not

yet studied.

Along the course of the program, additional topics were

introduced:

iv Investigate the influence of the physical

characteristics of the Si substrate (<lll> ,<llO>

4 
• or < 100> single crystalline, polycrystalline or

amorphous) on the silicide phases and on the kinetics

observed.

v Investigate the stability of su icide layers in

contact with Al or Au films.

I
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vi Reaction of metal layers with dielectrics,

particularly Si02.

The motivation for all these choices is derived from

the practical significance which silicides and the formation

of silicides from thin metal films deposited on Si or Si02 have

in the semiconductor industry. Metallization schemes utilized

in the industry were and frequently still are relatively crude.

Their understanding is almost always inadequate as compared to

their practical significance. Surely the most noteworthy single

accomplishment of our efforts under this contract is the fact

that the subject of metallization on silicon (and Si02) has

obtained general recognition as one which is indeed accessible

to successful analytical investigation and , in the best cases,

even to some adequate phenomenological understanding . The

degree of success obtained over the last three years is

demonstrated by the last Scientific Report ( RADC—TR-77-254 ,

July 1977) of this contract. That report is an overview of

the subject of su icide formation by thin metal film~ reacting

with a Si substrate and will be published as a chapter on

silicide formation in an edited book “Thin Films - Interdif fusion

and Reactions”, (J.. M. Poate , K. N. Tue and J. W. Mayer, Eds.).

i) Marker Experiments. The following table

summarizes the results obtained to date by

ion implantation of Ar or Xe markers:

• - . 
•
~~ 

. • .~~—
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TABLE 1

Su icide Crystal Dominant Growth
Element Formed Structure Moving Specie Rate

Mg Mg2Si cubic Mg

Ni Ni2Si orthorh. Ni ti’2

Pd Pd2si hex. Pd,Si

Pt~ Pt2Si tetr. Pt,Si tl”2

Co* Co2Si orthorh. Co

Fe FeSi cubic Si

Hf* HfSi orthorh. Si t112

RhSi cubic Si ?

Ti TiSi2 orthorh. Si

V VSi2 hex. Si

*Results included here from studies performed by others and

not supported by this contract are marked by *~

• There is no obvious correlation between the dominant

moving specie and the compound formed, its crystal structure

or the growth rate. The marker experiments with an implanted

inert gas such as Ar or Xe has been shown by these results to be

a most useful technique for the study of thin-film reaction

generally. The interpretation of the results, in terms of

microscopic features of the su icide , remains largely open .

j
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ii) Clarification of the Ro~,e Played in SUicide •

Formation by Oxygen Contamination. The

• subject has been investigated for the platium

sUicide formation PtSi at 600 C because this

is the stable sUicide against an excess of Si

and is a frequent component in Si device

~ 
m.tallisations. The main result ii that in the

presence of oxygen, the reaction of the Pt film

with the Si substrate does not go to completion.

Rather, a residual layer of about 160 A of

unreacted Pt remains on the surface of the PtSi

film, below which a layer of Si02 of an average
0

thickness of 400 A dev.lops. This layer imparts

th. desirable apparent chemical inertness of the

PtSi layer which is exploited in industrial

processes. The oxide lays; is caused by permeation

of oxygen through the Pt film as the growth front

of the sUicide approaches the surface of the Pt •

films. The oxide forms a barrier between the Pt

and the PtSi and the reaction stops prematurely.

No such phenom.~on occurs in inert ambients such

as vacuum or dry nitrogen.

iii and iv) Development of Data Base on Thin-Film SUicide
Formation, and Investigation of the Influence of

the Si Substrate on the Silicid. Formation. In
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addition to the studies reported under i) above,
,

we have investigated in deta~.l the formation of

FeSi , Pd2Si , Ni2Si and Ti~Wi_ ~ Si2. The following

table summarizes the findings:

TABLE II

leta]. Ni Fe TiXW1...X

ilicide Ni2Si Pd2Si FeSi Ti
~
Wi_~

Si2

Lange of 
- ______________ ___________ __________  _______________

!emperature (°C) 200—325 260—550 450—527 700—750

~ctivation 1.3—1.6 l.3_l.5)* 1.67 4.5
:nergy (eV)

rystal Structure orthorh . hex , cubic hex.

)ominant Diffuser Ni Pd & Si Si

~rowth Rate t1’2 .~~~ t1’2• tl’2

~rowth Rate
Hi (100), poly, to (ill) (100)

am influence
Med (110)
Low (111) (100) (111)

4icrostructure Random Epitaxial Poly- Polycrystal.
gains of on (li i); crystal, untextur.d

• ‘~600 A size rient.d untextured for (100),
- on (100), grains for both (11.0) and

oriented ~oli.unnar (lii) and (lii).
grains of on (~00) of (100).
‘~l300 A size 150 A
on (ill) . size

hmeasured by other authors. 
• _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _  

—-



—~ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~ •~~~-

- 
~~~~~~~~~~~~ - ‘ ~~ -

— 6 —

As can be seen, the microstructure of the su icide films varies

considerably from one su icide to another , and can also differ

within a given su icide upon variation of the substrate struct-

ure. In Ni2Si, for instance, it was shown that this difference

is associated with a different silicide growth rate for different

J substrate orientations. On an amorphous (vacuum deposited)

substrate, one even observes both Ni2Si and NiSi simultaneously
in distinct eublayers. There is no visible correlation between

the growth rate and the substrate orientation or the nature of

the kinetics. Again, the detailed picture appears to be complex.

When taken in context with results of other studies

performed by other groups, clear patterns of behavior appear.
• i The subject is treated in full in the last Scientific Report

mentioned above.

v. Stability of Su icide Layers. We have succeeded

in assuring the stability of a Pd2Si layer against

• . ~n overlain ~l. film by interposing a film of Cr

between the Pd2Si and the Al. The protective
• action cornea from the fact that Cr on Pd2Si forms

a su icide of its own (CrSi 2) under annealing, but
- 

- 
without that the P42Si layer loses its integrity.

Cr also forms a compound with the Al film above ,

but as long as some unreacted Cr remains as a buffer
between the compounds formed on either side by the

Cr film an effective separation of Al and Pd2Si is
accomplished. The barrier effect breaks down if
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I
all the Cr is consumed. This concept of a

consumeable barrier layer is a general one,

• and it can be applied whenever two main con-

ditions are met: the reactions on either

side of the barrier layer must be laterally

uniform, and these reactions must be well known

and characterized. Once these two conditions

are met , a barrier layer can be designed on paper

to meet a given time-temperature stressing.

We have successfully tested this concept of

the “ sacrificial barrier ” on another case : the

stablization of polycrystalline Si layers against

Al films by interposed Ti or V layers. This case

is practically relevant, since Al is used commer-

cially as a contact layer to polycrystalline Si

gates of MQS devices. The development of the con-

cept of a sacrificial barrier is one of the prominent

practical accomplishments of this contract.

vi Reaction of Metal Layers With Si02. A comprehensive

study of the behavior of thin metal films on Si02
during vacuum annealing at elevated temperatures has

been brought to completion under this grant. In

all , 13 different metals were studied by backacattering

spectrometry and scanning electron microscopy. It •

was found that Hf, Nb, Ti, V and Zr actually react

with Si02. The result is a thin layer of metal •
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silicide sandwiched between the Si02 substrate

and a top layer of metal oxide. The other

investigated metals (Co, Cr, Cu, Fe, Mu, Ni ,

Pd and Pt) do not react. The systems were

analyzed thermodynamically, and it was found

that the results conform to the outcome predicted

on that basis. The theoretical prediction correlates

well and linearly with the electronegativity of H,

the metal, which leads to an empirical method to

determine without calculation whether a metal will

react with Si02. This knowledge is valuable because

metal films which do not react with Si02 adhere

quite poorly to Si02. Chromium is a borderline

case, experimentally as well as thermodynamically:

there is no detectable reaction with Si02, but Cr

films adhere to Si02 nevertheless.

In addition to these results, two other studies were

completed which are both closely related to the main efforts

pursued under the contract:

a) Electrical characteristics of Pd2Si. A thorough

investigation of the electrical conductivity of

thin Pd2Si films from 4.2’K to 320°X was undertaken

and completed. Pd2Si films differ in their structural

properties when grown on (111) or (100) Si substrates

(see Table II). It was therefore of general interest

to see if these structural differences are accompanied
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Ii’
by differences in the electrical conductivity

of the layers. Pd2Si is also used extensively

as a contact material in silicon devices, so

that the results of the study also have practical

relevance. The results show that Pd2Si has

metallic character. The charge carriers are

electrons, with concentration of 4 x l021cm 3.

The bulk value of resistivity at room temperature

is 25 to 30~~ cm and the Hail mobility is 50 to

60 cm2/Vs, but these values depend on the sub- .4

strate orientation. The structural difference

of the films is clearly reflected by the electrical

characteristics.

b) A computer program was written to synthesize

backscattering spectra for thin—film samples

composed of successive layers of uniform thickness

and composition. The program is contained in

Interim Technica! Report RADC-TR-76-l82 of this

contract. It is the only such program which is

accessible openly to the scientific community, and

has rendered excellent service both at Caltech and
p 

elsewhere.

- -
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II. Major Open Questions.

In spite of the substantial accomplishments obtained

in the course of this contract, it is evident that many

questions remain unanswered. This conclusion holds even if

all, other work undertaken in recent years by other groups

and individuals on sUicide formation is included. It is

clear that much more work will be required to understand both

the physical mechanisms involved in su icide growth and the

influence of parameters such as impurities, stress, and

• initial structure of the metal film and the substrate.

We believe that there is a deeper reason for this state

of affairs. SUicide formation by thin metal films is a novel

topic of the general field of metallurgy. Metallurgy is basically

an empirical science, even today. It would be most surprising

if thin—film reactions would be accessible to more rigorous

treatments than the scientific discipline of which it is a part.

Incr.aaing the surface-to-volume ratio usually complicates

rather than simplifies a problem. Out of that perspective, the

largely empirical status of our present knowledge of su icide

formation by thin metal films is natural and expected. It would

be wrong to conclude that the study of these reactions should

• be laid aside until the field of metallurgy of bulk phenomena

is placed on a rigorous nonphencmanological basis. That develo-

ment may not take plac. for a long time to come. More importantly,

the study of sUicide formation by thin films may prove to be an

excellent way to further the general subject of metallurgy. This
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is so because many of the most sensitive analytical tools now

currently applied to the study of thin-film reactions (TEM,

LEEP, REED, SIMS , AES, BS) have a microscopic range in one,

two or three dimensions. They are by their nature much more

compatible with thin films than with bulk samples. The study

of silicide formation by thin films thus emerges as a subject

of unique standing:
- it is compatible with some of the most advanced

and sensitive analytical tools.

- the results are simultaneously of value to the

field of metallurgy in general, and to the silicon

device industry in particular.

- it can build on the highly developed Si technology.

These arguments strongly argue in favor of continued and

substantive efforts to further the knowledge of silicide

H formation by thin metal films. When the interest of the

industrial application will broaden to more complicated materials

(III-V , IV-VI compounds , for example), the problems of
• metallurgy and of metallization will rapidly become much more

difficult to grasp. One would expect that here also the

knowledge gained in silicide formation should provide a

background and guidance .

Specifically in terms of the goals of the present

contract and the results to which it has led, the following

list of major unanswered questions can be drawn up as a

reference for future efforts:

• • • — - -- ---- - -
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- Determine the microstructure of the sU icide

formed in terms of their crystallography , texture
- 

• 
and defects as a function of the external variables .

- 

(What is formed , and when?).

- Establish the nature of the atomic transport involved.

• (Why is the growth rate different for different

su icides?).

- Clarify the nucleation processes . (Why are certain

phases formed and others not?) .

- Clarify the role of impurities and stress.

t
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