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Review
Room-temperature reactions in thin metal
couples

V. SIMIC, Z. MARINKOVIC
Institute of Physics, Maksima Gorkog 118, Zemun, 11080 Belgrade,
Federal Republic of Yugoslavia

Results of a 40 year-long investigation of room-temperature formation of compounds in 144
thin-film couples obtained by combining 23 metals (Ag, Al, Au, Bi, Cd, Co, Cr, Cu, Ga, Ge, In,
Mg, Mn, Ni, Pb, Pd, Pt, Sb, Sm, Sn, Te, Ti, Zn) are presented. The data from published papers
of the present and other authors have been complemented by unpublished data of the
present authors. The systematized results and their analysis point to the following. In 39
couples, a total of 66 compounds are formed. The reactions of compound formation last
from ~1minto ~10vy, depending on the specimen type and procedure of film deposition.
In the bulk—film specimens, the number of compounds formed is smaller and the reaction is
slower than in the film—film specimens prepared by thermal evaporation. In the specimens
with the sputtered top layer, a greater number of compounds is formed and the compound
formation reaction proceeds more rapidly than in the couples prepared by thermal
evaporation of both metals. The compounds formed can be transformed into others
containing higher percentage of one of the constituents, until the specimen contains an
excess of that constituent, provided that such compounds exist in the respective phase
diagram. At the beginning of the reaction, compounds are formed in a broad concentration
range, while at the reaction end the range is narrowed down, becoming close to that in the
corresponding phase diagram. The optimum conditions for compound formation exist in
the couples consisting of a high-melting metal and a low-melting one, provided that the
potential compound is not high-melting. If the potential compound is high-melting, or if
both metals in the couple have melting points in the same temperature range, no compound
formation takes place at room temperature. In the couples consisting of a given high-melting
metal and one of the low- melting metals, a linear relationship exists between the
interdiffusion coefficient and the melting point of the low-melting metal. If, for a couple
consisting of a high-melting metal and a low-melting one, there is a solid solubility range of
the low-melting metal, during the course of long ageing, the compound formed is
decomposed and the low-melting metal is amorphized. During the long ageing, the ambient
atmosphere acts on the metal films (alone or in a couple) leading to formation of oxides,
hydroxides or carbonates. The results obtained complement the low-temperature range
results in the respective phase diagrams. © 7998 Chapman & Hall.

1. Introduction in the ageing process, i.e. during exploitation. In the

In modern research and development procedures, as
well as in the process of production and exploitation
of devices and their components, it is very often the
case that two metals come into intimate contact. It is
usually required that the characteristics of such a con-
tact couple remain unchanged during its exploitation.
It is sometimes necessary to induce (by heating or by
some other means) characteristics different from the
initial ones, but these should also remain unchanged
during the subsequent exploitation. However, it is not
unusual that undesirable changes take place in the
metal couple, either in the process of its formation or
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former case, the necessary component cannot be pro-
duced. In the latter more unfavourable case, the com-
ponent is built in a device, but characteristics of the
device become progressively changed during its ex-
ploitation, so that finally it must be discarded.
Because of the mentioned problems, a systematic
investigation of the phenomena occurring in metal
couples, especially those often used, has to be made.
When two metals come into intimate contact, inter-
diffusion processes take place to a greater or lesser
degree, i.e. there is a mass transfer of one metal into
the other and vice versa. Probably the first systematic
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study of the interdiffusion of metals (diffusion of
gold in lead) was that made approximately a century
ago [1]. Roberts-Austen combined techniques of sec-
tioning and chemical analysis to measure the diffusion
and found that gold atoms had diffused a distance of
the order of centimetres in lead with an annealing
time of about 30 d at temperatures ranging from
100-250°C.

A consequence of such a diffusion in this and other
metal couples may be the formation of intermetallic
compounds. Properties of the compounds formed may
differ considerably from those of the starting metals.
This may result in a deterioration of the regime on
contact and, therefore, in undesirable changes of the
device characteristics.

So far, the contacts between two bulk metals have
been considered. The involved phenomena may be
strongly accentuated if the contact is made of thin
metal layers.

It is known from the existing literature that a metal
in the form of a thin layer was first obtained in 1857
[2]. Thin metal layers have since been gradually estab-
lishing their place in science and technology.

In the 1940s and 1950s an explosive development of
thin metal-film preparation and application technolo-
gies has taken place, these being a prerequisite of the
development of certain important branches of techno-
logy, especially military. Thin films are increasingly
employed in optics, micro- and opto-electronics, sen-
sor and computation technologies. They are used as
mirrors with front-reflecting surfaces, conduction
paths, contact and barrier layers, antireflection and
anticorrosion layers, etc. The real physical dimensions
of the layers used range from less than 1 mm in the
rocket-guiding sensors, up to as much as 5 m in optical
mirrors for large telescopes. This dynamic develop-
ment continues.

Because of the character of a thin metal film as
a physical medium, diffusion and compound forma-
tion in thin metal couples is more vigorous than
in the corresponding bulk couples, especially if the
processes at several hundred degrees centigrade are
considered.

Development of microelectronics and, particularly,
sensor technology has led to the demand to deposit
the layers at as low a temperature as possible. If the
sensor is exposed to an elevated temperature, its char-
acteristics may become undesirably changed. Such
contacts are often deposited nowadays even at room
temperature. This has led to the necessity of a system-
atic investigation of the phenomena in thin metal film
couples at room temperature. Knowledge of the reac-
tion process in the couples is one of the preconditions
of a correct design and fabrication of the critical com-
ponents and devices in many branches of modern
technology, military in particular.

In the mid sixties, sporadic investigation began of
the phenomenon of compound formation in thin
metal films at room temperature. It was a part (in fact
a periferal part) of a study which was made, due to
scientific and technical needs, at elevated temper-
atures. The investigation was continued for the whole
of the seventies.
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At the beginning of the eighties, the room-temper-
ature formation of compounds on the contact of two
thin metal films could be considered rather a rare
phenomenon. Only four or five compounds had been
identified. However, the investigation became system-
atic. Intensification of the research in a number of
laboratories, primarily in Oslo and Belgrade, has led
to identification of 65 compounds formed at room
temperature in the evaporated thin metal couples.

The process of a spontaneous compound formation
at room temperature could not be detected and fol-
lowed during a reasonable time on contact of two bulk
metals. This is made possible, however, by the charac-
teristics of a thin film, i.e. by presence of many defects
which favour diffusion. Thus, on the contact of two
thin films, there exist optimum conditions for com-
pound formation.

It was interesting, therefore, to cstablish whether
compound formation could take place on the bulk-
metal/evaporated thin film interface, i.e. whether only
one thin film takes part in the reaction, and, if so, in
which couple this occurs and what will be the trans-
formations of the compounds formed during ageing.
In brief, is there any difference between the processes
taking place when two thin films are involved, and
those when bulk metal reacts with a thin film. These
questions are interesting from both theoretical and
practical aspects, in particular if the contact phe-
nomena in microelectronics, optoelectronics, sensor
techniques and integral circuits are considered.

It is of particular interest to study contact phe-
nomena in semiconductor technology. Namely, it is
often the case to have a thin metal film contact evap-
orated on a semiconducting bulk single-crystal com-
pound. For such a study, the films were evaporated on
both the bulk metal and the metal film.

For the bulk—film and film—film specimen types,
the upper film can also be obtained by radio-fre-
quency (r.f.) sputtering. Because this procedure is often
used in practice, its study is of significant interest.

Finally, the question concerning the conclusions
to be derived on analysing the results obtained with
the given couples, but of different types, should be
considered.

The present review has been compiled as follows.
Most of the available material, dispersed over more
significant relevant journals, has been accumulated
and organized, and is presented in a consistent man-
ner. The material encompasses compound formation
at room temperature in the metal couples most fre-
quently applied. In order to make as comprehrensive
a survey as possible, the collected material has been
coupled by adding results of the authors own recent
studies. The 144 investigated couples formed from 23
metals are presented in Table 1.

The material thus assembled offers the possibility of
having in a single place an up-to-date survey of invest-
igations in the field, which also facilitates its use for
practical purposes (Section 2).

The kinetics of compound formation have been
arranged in a similar manner (Section 3).

The organization of the material offers the possibility
of its analysis by separate parameters. Thus different



TABLE 1 144 investigated couples combined from 23 metals

Ag-Al Ag-Cd Ag-Ga Ag-In
Ag-Te Ag—Zn Al-Au Al-Co
Al-Ni Al-Sb Al-Sm Al-Te
Au-Cu Au-Ga Au-Ge Au-In
Au-Sm Au-Sn Au-Te Au-Ti
Bi-Ni Bi-Pd Bi-Te Bi-Ti
Cd-Sb Cd-Sm Cd-Te Cd-Ti
Co-Mg Co-Sb Co—Sm Co-Sn
Cr-Mn Cr-Sb Cr-Sn Cr-Te
Cu-Mg Cu-Mn Cu-Sb Cu-Sm
Ga-Mg Ga-Mn Ga-Ni Ga-Pd
Ge-Mg Ge-Mn Ge-Ni Ge-Sm
In—Ni In-Pd In-Sb In-Sm
Mg-Pb Mg-Sb Mg-Sm Mg-Sn
Mn-Sm Mn-Sn Mn-Te Mn-Ti
Ni-Te Ni-Zn Pb-Pd Pb-Pt
Pd-Sn Pd-Te Pd-Zn Pt-Sn
Sm-Sn Sm-Te Sm-Zn Sn-Te

Ag-Mg Ag-Sb Ag-Sm Ag-Sn
Al-Cr Al-Cu Al-Mg Al-Mn
Al-Ti Al-Zn Au-Bi Au-Cd
Au-Mg Au-Mn Au-Pb Au-Sb
Au-Zn Bi-In Bi-Mg Bi-Mn
Cd-Cu Cd-Mg Cd-Ni Cd-Pd
Co—Cr Co-Ga Co-Ge Co-In
Co-Te Co-Zn Cr-Ga Cr-Ge
Cr-Zn Cu-Ga Cu-Ge Cu-In
Cu-Sn Cu-Te Cu-Ti Cu-Zn
Ga-Sb Ga-Sm Ga-Te Ga-Ti
Ge-Te Ge-Ti In-Mg In-Mn
In-Sn In-Te In-Ti Mg-Ni
Mg-Te Mg-Zn Mn-Ni Mn-Sb
Mn-Zn Ni-Sb Ni-Sm Ni-Sn
Pb-Sm Pb-Te Pb-Ti Pd-Sb
Sb-Sm Sb-Sn Sb-Te Sb-Zn
Sn-Ti Te-Ti Te-Zn Ti-Zn

aspects of the compound formation process have been
analysed within a time interval from a few minutes to
nearly a decade (Section 4).

The processes taking place during a period of about
15 y after completion of the reaction have also been
followed and analysed, particularly the influence of
the atmosphere (Section 5).

It has been found that some of the compounds
formed are susceptible to changes during long ageing,
obeying rules which passed unnoticed until present
(Section 6). This is important, especially because thin-
film couples, in the form of conducting paths or con-
tacts, should not be susceptible to changes in their
characteristics during long exploitation.

The review is completed by analysis of the results
obtained so far and by reflections regarding trends of
further investigation. It contains very abundant ex-
perimental material, including the authors’ so—far
unpublished results.

The authors feel that the knowledge gained during
their, and other authors’, long-lasting research is, in
this way, presented in the optimum form, that will be
useful to both the specialists working in the field and
those using thin films.

2. Formation of compounds

2.1. Formation of compounds on the
contact of two evaporated thin metal
films

This section contains data published so far relative to

the formation of compounds in 39 investigated

couples. The results are presented, as far as possible, in

a uniform manner. Within the limits of the available

data, the following information has been presented for

each couple:

(i) reference to the phase diagram used;

(ii) reference to the first published paper containing
the data about the compound formation, together
with authors’ names and the methods used for
analysis;

(iii) table of formation of compounds from the cle-
ments and their transformations during ageing;

(iv) the data of the ASTM standards [3] on the basis
of which the formed compounds have been identified;

(v) the X-ray powder results, prepared on the basis
of the relevant authors’ standards used for identifica-
tion of the compounds in the absence of the corres-
ponding ASTM standards.

When in the later published papers more data
are contained than in the previous ones, comments on
the data from the latter are given. If the papers by
different authors contain different results, they have
been compared, commented upon and, if possible,
interpreted.

2.1.1. Ag-Cd

The first results about the room-temperatue com-
pound formation in the Ag—Cd couple (phase diagram
[4]) have been presented by Simi¢ and Marinkovi¢
[5]. This couple has been studied in some detail using
specimens 850—904 nm thick with three different cad-
mium concentrations: 38.5% (solid solubility range),
51.0% (AgCd) and 75.8% (AgCd,). (All concentra-
tions are given in weight per cent.)

The specimens were analysed by X-ray diffrac-
tometry (XRD). It has been found that, irrespective of
the cadmium content, AgCd; (ASTM 28-199) is al-
ways formed first. This compound is formed during
the first hour after evaporation (Table II). By follow-
ing the specimen changes during 5—6 mon, the follow-
ing transformations have been found to take place in
the specimens containing 38.5% and 51.0% Cd

8AgCd; + 7Ag = 3AgsCdg (1
and
AgsCdg + 3Ag = 8AgCd (2)

A consequence of the transformation in the specimen
with 38.5% Cd is that cadmium and AgCd, disappear,
while AgsCdg (ASTM 14-4) and AgCd (C) (cubic)
(ASTM 28-197) remain, together with excess silver.
A similar situation exists for the specimen containing
51.0% Cd, except that in this case AgCd; also re-
mains. In the specimen with 75.8% Cd, only AgCd,
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TABLE II Structural transformations in the Ag—Cd couple
during ageing

TABLE 1V Structural transformations in the Ag—Ga couple
during ageing

Time after Cd concentration (wt%)
evaporation
38.5 51.0 75.8
05h Cd Cd Cd
Ag Ag Ag
AgCd, AgCd, AgCd,
2h Cd Cd
Ag Ag Ag
AgCd; AgCd, AgCd,
AgsCdg AgsCdg
6d Ag Ag Cd
AgCd, AgCd, AgCd,
AgsCds AgsCdg
14 d Ag Ag
AgCd; AgCd, AgCd;,
AgsCdy AgsCds
41d Ag Ag
AgCd; AgCd; AgCd;
AgsCdg AgsCdg
AgCd(C)
99,150, 155, d Ag Ag
AgCd, AgCd;
AgsCdg AgsCdg
AgCd(C) AgCd(C)

remains. As can be seen, the compounds are formed
following the sequence of cadmium content: AgCds;,
AgsCdg, AgCd.

2.1.2. Ag-Ga

The first results concerning room-temperature com-
pound formation in the Ag—Ga couple (phase dia-
gram [4] ) were presented by Simi¢ and Marinkovi¢
[6]. This couple has been thoroughly studied using
specimens 172—192 nm thick and containing five dif-
ferent gallium concentrations: 17.5% and 24.0% Ga
(x’ phase existing in the 17.7-24.0% Ga concentration
range, i.e. about the Ag;Ga stoichiometric value),
39.0% (AgGa), 49.0% (Ag,Ga;) and 75.0%. The speci-
mens were analysed by XRD. The identification of the
obtained powder diagrams was done by means of the
authors own Ag;Ga standard prepared by fusing
stoichiometric amounts of the elements in the evacu-
ated quartz tube. The XRD powder diagrams of the
Ag;Ga standard and of the film specimen containing

TABLE 111 X-ray powder results of the Ag,Ga standard

Time after Ga concentration (wt%)
evaporation
17.5 24.0 39.0
49.0
75.0
1d Ag Ag
Ag,Ga Ag,Ga Ag,Ga
20-30d Ag Ag
Ag.Ga Ag,Ga Ag,Ga
3—<4mon Ag
Ag,Ga Ag.Ga Ag,Ga
8.5mon Ag.Ga Ag,Ga Ag.Ga

24.0% Ga are identical. The powder diffraction results
of the standard are presented in Table I11.

The obtained results are presented in Table IV,
which shows the following parts. Because gallium is
amorphous for these layer thicknesses, it does not
appear in the XRD diagram. The process of com-
pound formation is virtually finished during the first
day (in the case of 24.0% Ga, somewhat later) and
there are no further transformations during the fol-
lowing 3—4 mon.

2.1.3. Ag-In

The first data concerning room-temperature com-
pound formation in the Ag—In couple (phase diagram
[4]) were presented by Simi¢ and Marinkovic [6].
This couple was studied in some detail using speci-
mens 180-215nm thick and containing six different
indium concentrations: 11.2% (solid solubility range),
26.2% (Agsln), 34.7% (Ag,In), 50.0%, 68.0% (Agln,)
and 80.0% (Agln, + In).

The specimens were analysed using XRD. Identi-
fication of the compound reflections was done by
means of the authors own standards for Ag,In and
Agln,, prepared by fusing stoichiometric amounts of
the elements in an evacuated quartz tube.

The XRD diagrams of the Ag,In standard and the
film specimen containing the same indium concentra-
tion are identical, but the diagrams of the Agln, stan-
dard and the film specimen having the same indium
concentrations are different.

Bulk standard
(24 wt% Ga) (200 °C/24h)

Thin-film standard
(17.5 and 24.0, wt% Ga)20°C)

d (nm) I, d (nm) I/, d (nm) Iy, d (nm) I/1y
0.3883 4 0.1866 2 0.3883 6 0.1866 6
0.2644 2 0.1611 4 0.2644 3 0.1613 30
0.2543 4 0.1437 2 0.2549 10 0.1442 7
0.2478 1 0.1360 4 0.1363 14
0.2309 41 0.1308 4 0.2315 100 0.1310 23
0.2241 100 0.1295 2 0.2245 100 0.1296 19
0.2186 6 0.1210 4 0.219 19 0.1213 29
0.1906 3 0.1121 4 0.1906 16 0.1121 11

Note: In all the tables with X-ray powder results, d-values are given in nanometres (nm), and not in Angstroms as in the ASTM, standards.
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Annealing of the specimens with 68.0% In at 60 and
120 °C has shown that the transformation temperature
is between these two values. Below the transformation
temperature, the LTAgln, (the low-temperature
phase) exists, while above it the MTAglIn, (the me-
dium-temperature phase) is present.

Structural transformations take place during age-
ing, as shown in Table V.

The compound containing more indium (LTAglIn,)
is always formed first. If the specimien contains excess
silver, the following transformation takes place

3Ag + Agln, = 2Ag,In (3)

The transformation process is completed in less than
5d in the specimens containing 50.0% In or more. In
the specimens with less than 50.0% In, the process is
completed only after 9 mon. When the transformation
is completed, the specimens with less than 50.0% In
contain Ag,In and excess silver, and those with more
than 50.0% In contain only LTAgIn,. The specimen
with 50.0% In is an intermediate state, i.e. a combina-
tion of the two states mentioned.

2.1.4. Ag-Sn

In 1959, Fujiki [7] found, using electron diffraction,
that in the Ag—Sn couple the y-AgSn phase was for-
med. However, his results seem not too persuasive.
Considerably later, Tu and Rosenberg [8] claim to
have obtained AgiSn. In their presented powder dia-
gram, it is seen that several hours after evaporation,
several very weak reflections of Ag;Sn were already
present. The reflection intensities increase very slowly
with time at room temperature.

The results of a thorough study of this couple (phase
diagram [4,9] ) are presented in a paper by Simi¢ and
Marinkovi¢ [6]. Specimens 170-210nm thick with
four different tin concentrations have been used:
15.0% (AgsSn), 27.0% (AgsSn), 50.0% and 75.0%.

TABLE V Structural transformations in the Ag-In couple during
ageing

The specimens were analysed using XRD. It has
been found that only the Ag;Sn compound (ASTM
4-0798) is formed during the day of evaporation. The
process of 6mon transformation is presented in
Table VI. Irrespective of the tin concentration, Ag;Sn
is already formed during the first day. The stable state
(disappearance of silver or tin) is reached in the speci-
men with 75.0% Sn after 2d and with 50.0% Sn after
15d. In the case of specimens containing less tin, the
stable state is reached after 6 mon.

On the basis of these data, the results obtained by
Tu and Rosenberg [8] could be interpreted. Their
specimens contained 500nm Ag and 300nm Sn, ie.
27.0% Sn. From Table VI, it follows that the longest
time necessary to complete the process (6 mon) is for
the case of the specimen with 27.0% Sn. The fact that
this was for the specimen 170 nm thick, i.e. five times
less than theirs, means that the process of compound
formation was even slower in the latter case. This
explains why Tu and Rosenberg found that Ag;Sn
almost does not grow at room temperature [8].

2.1.5. Ag-Te

The first results concerning room-temperature
compound formation in the Ag-Te couple (phase dia-
gram [4]) were presented by Simi¢ and Marinkovic
[6]. This couple was studied in some detail using
specimens 187-197 nm thick with four different tellu-
rium concentrations: 35.0% (~Ag,Te), 44.0%
(~AgsTe,), 54.0% ( ~AgTe) and 78.0%. Specimens
were analysed using XRD. The process of compound
formation and transformation is represented in Table
VII. Although all the specimens were measured
a number of times, the transformation process is pre-
sented until the moment only when the stable state has
been reached.

The stable compounds which do not subsequently
transform are already obtained in specimens contain-
ing 35.0% and 54.0% Te during the first day. In the
specimen containing 78% Te, the process is completed

TABLE VI Structural transformations in the Ag-Sn couple
during ageing

Time after In concentration (wt%)
evaporation (d)
11.2 26.2 50.0 68.0
1 Ag Ag Ag Ag
In In
LTAgln, LTAgIln, LTAgln, LTAgln,
2 Ag Ag Ag Ag
LTAgIn, LTAgIn, In In
Ag,In LTAgIn, LTAgln,
3 Ag Ag Ag
LTAgIn, In
Ag,In LTAglIn,
4, 120 Ag Ag Ag
LTAgIn, LTAgIn, LTAgln, LTAgln,
AgyIn AgyIn
275 Ag Ag Ag
LTAgIn, LTAgln,
Ag,In Ag,In Ag,In

Note: The specimen with 34.7% In was measured only after 275d
(Ag,In was formed). The specimen with 80.0% In was measured
only after 2d (LTAgIn, was formed).

Sn concentration (wt%)

Time after
evaporation (d)
15.0 27.0 50.0 75.0
1 Ag Ag Ag Ag
Sn Sn Sn Sn
Ag;Sn AgiSn Ag;Sn Ag;Sn
2 Ag Ag Ag
Sn Sn Sn Sn
Ag;Sn Ags;Sn Ag;Sn Ag;Sn
4 Ag Ag Ag
Sn Sn Sn
Ag;Sn Ag;Sn Ag;Sn
15 Ag Ag
Sn Sn Sn Sn
AgiSn Ag;Sn Ag;Sn AgiSn
34, 126 Ag Ag
Sn Sn Sn
Ag;Sn Ag;Sn AgiSn
174 Ag Ag
Ag3Sn AgsSn
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TABLE VII Structural transformations in the Ag-Te couple
during ageing

TABLE VIII Structural transformations in the Ag-Zn couple
during ageing

Time after Te concentration (wt%) Time after Zn concentration (wt%)
evaporation (d) evaporation
350 44.0 54.0 78.0 379 523 64.0
1 Ag Ag,Te Te 0.5h Zn Zn Zn
Ag,Te AgsTes AgsTe; Ag,Te Ag Ag Ag
2 Ag,Te Te AgZn, AgZn, AgZn;,
AgsTe, Ag,Te 3h Ag Zn Zn
8 Ag Te AgZn, Ag Ag
Ag,Te Ag,Te Ag,Te AgZn(C) AgZn, AgZn,
AgsTe; AgsTe, AgsTe, 4h Ag Ag Zn
17 Te AgZn; AgZn, Ag
Ag,Te Ag,Te AgZn (C) AgZn (C) AgZn;
AgsTe, AgsTe, 2-4d Zn
25 Ag Ag,Te Te Ag Ag Ag
Ag,Te AgsTe, AgsTe, Ag,Te AgZn, AgZn, AgZn,
AgsTe; AgZn (C) AgZn (C) AgZn (C)
37, 101 Ag,Te 21-22d Ag Ag Ag
AgsTe, AgZn, AgZn, AgZn,
168 AgsTe, AgZn (C) AgZn (C) AgZn (C)
AgZn (H)
60d Ag Ag Ag
AgZn, AgZn; AgZn;,
after 3 wks, and in that with 44.0% Te after 6 mon. The AgZn (C) Qgén (SI) ﬁan ©
final result of the transformation in the specimens Ai Znn( ) gZn (H)
containing less than 40.0% Te is Ag,Te (ASTM  1gs54 Ag Ag
12-695) with a possible excess of silver. In the speci- AgZn; AgZn, AgZn,
mens with more than 40.0% Te, AgsTe; (ASTM AgZn (C) AgZn (C) AgZn (C)
16-372) finally remains with a possible excess of AgZn (H) :zzznn(H) AgZn (H)
: s4g
tellurium. 120d Ag Ag (trace)
AgZn, AgZn, AgZn;,
AgZn (C) AgZn (C) AgZn ()
2.1.6. Ag-Zn AgZn (H) AgZn (H) AgZn (H)
The first results concerning room-temperature com- AgsZng AgsZng
ion in the Ag-Zn couple (phase diagram te4-173d Ae AgZn; AgZns
pound formation in the Ag- ple (phase g AgZn (C) AgZn (C) AgZn (C)
[4]) were presented by Simi¢ and Marinkovi¢ [5]. The AgZn (H) AgZn (H) AgZn (H)
couple was thoroughly studied using specimens AgsZng AgsZng

665—1265 nm thick with three different zinc concen-
trations: 37.9% (AgZn), 52.3% (AgsZng) and 64.0%
(AgZny).

The specimens were analysed using XRD
(Table VI1I1). It was found that, irrespective of the zinc
concentration, AgZn; (ASTM 25-1325) was always
formed first, within 1h after evaporation. The AgZn;
formed transforms during the following 5-6é mon in
the following way

AgZn; + 2Ag =3AgZn 4
and
Ag +2Ag7Zn + 2AgZn; = AgsZng (5)

As a result of the transformation, AgZn, disappeared
in the sample with 37.9% Zn. This was transformed
into AgZn and AgsZng (ASTM 29-956), with excess
silver. In the specimen with 64.0% Zn, the AgZn,
dominates, with both AgZn modifications present.
The compounds are formed following the sequence:
AgZn;, AgZn (C) (cubic) (ASTM 29-1155), AgZn (H)
(hexagonal) (ASTM 29-1156), AgsZng.

2.1.7. Al-Au
During the sixties and seventies there was consider-
able activity on the identification of the compounds
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formed in the thin Al-Au couples, but at elevated
temperatures (above 84 °C) [10].

There were some indications that the reaction also
takes place at room temperature. Hunter et al. [11]
performed measurements using a diffraction grating
with golden surfaces, on which the Al + MgF, layers
were evaporated. They observed that the efficiency of
the grating was considerably weakened with time
— after 15 mon it was 25 times less. Their hypothesis
was that perhaps compounds were formed due to
interdiffusion, which leads to a change of the film
properties and also of the diffraction grating.

First results concerning room-temperature behav-
iour of the Al-Au couple (phase diagram [4,12] ) were
presented by Marinkovi¢ and Simi¢ [13]. A detailed
study of the couple was made using specimens
75-170nm thick with five different gold concentra-
tions: 41.7%, 78.0% (AuAl,), 89.3%, 93.6% (Au,Al)
and 96.6% (Au,Al). The specimens were analysed by
XRD. Identification of the obtained powder diagrams
was made by means of the ASTM 17-0877 (AuAl,)
and the authors’ own standard prepared by fusing
stoichiometric amounts of the elements in an evacu-
ated quartz tube (Au,Al). The XRD powder results of
this standard are represented in Table IX.



TABLE IX X-ray powder diagram of the Au,Al standard

dmm) I/lg d@m) I/l d@om) I/, dmm) I/l
0.4417 14 0.2706 6 02108 8 0.1335 13
0.3376 5 0.2515 9  0.2067 7 0.1308 23
0.3153 11 0.2332 36 0.1933 7 0.1249 22
0.3038 12 0.2267 40 0.1610 24 0.1163 11
0.2968 8 0.2222 100 0.1587 11 0.1114 8
0.2814 5 0.2181 49  0.1479 18 0.1098 7

TABLE X Structural transformations in the Al-Au couple during
ageing

Time after Au concentration (wt%)
evaporation
41.7 78.0 89.3 93.6 96.6
3-5d Au Au Au Au Au
Al Al Al Al Al
Au,Al Au,Al Au,Al
15-20d Au Au Au Au
Al Al Al Al Al
Au,Al Au, Al AuAl Au,Al
50-60d Au Al Al Au
Al Au,Al Au,Al Au,Al Au,Al
3y Au Au,Al Au,Al Au
AuAl, AuAl, AuAl, Au,Al Au,Al

The results obtained are presented in Table X. It
can be seen that starting with a gold concentration of
78.0%, Au,Al is formed within the first few days. The
process is virtually completed within 2mon by the
disappearance of one or both metals. However, longer
ageing leads to a transformation in the samples con-
taining an excess of aluminium

Au,Al + 3Al =2 AuAl, (6)

In this manner, AuAl, is formed, either alone or to-
gether with Au,Al. After 3y the powder diagram of
AuAl is quite clear, and its reflection intensities rela-
tively high.

2.1.8. Au-Cd

The first published data concerning room-temper-
ature compound formation in the Au—Cd couple
(phase diagram [4, 12]) were presented by Marinkovi¢

and Simi¢ [14]. The couple was thoroughly studied
using specimens 130-217 nm thick with seven different
cadmium concentrations: 15.0% ( ~Au;Cd), 22.0%
30.0%, 36.0% ( ~AuCd), 51.0%, 64.0% ( ~AuCd;)
and 71.0%.

Analysis of the specimens was performed using
XRD. The results are presented in Table XI.

It follows from Table XI that, irrespective of the
cadmium concentration, AuCd; (own standard) is im-
mediately formed, together with excess of gold or
cadmium. If the specimen contains gold in addition to
AuCd,, the following reaction takes place

AuCd; + 2Au =3 AuCd (7

and AuCd (ASTM 5-0675) is formed. In the specimens
containing 15.0-36.0% Cd, this compound remains
stable during the first 1.5-3mon. In the specimens
containing 51.0-71.0% Cd, the AuCd; formed (alone
or with cadmium) is stable to about 1.5-3.0 mon. After
that a structural transformation takes place. In the
XRD diagram of the phase produced, the position of
the reflections depends on the cadmium concentration
in the specimen. The phase (or phases) produced could
not be identified.

Recently, the ASTM 31-0226 C (calculated) card for
AuCd; has been published. The d values contained in
it are identical to those in the author’s own standard,
prepared by fusing the stoichiometric mixture in an
evacuated quartz tube. The only difference is that the
ASTM card contains reflections up to 116.5° 26, and
for their own standard up to 60 °20.

2.1.9. Au-Ga
The first data concerning room temperature com-
pound formation in the Au—Ga couple (phase diagram
[4,12]) were presented by Simic and Marinkovic¢ [15].
A detailed study of the couple was performed by
means of specimens 150-760 nm thick with seven
different gallium concentrations, some of them being
relatively close to the stoichiometric values of the
expected compounds: 5.0%, 12.0% ( ~Au,;Ga,),
17.0% ( ~Au,Ga), 33.0%, 40.0% ( ~AuGa,), 60.0%
and 70.0%. Analysis of the specimens was effected by
XRD.

The gold and gallium films react readily at room
temperature, giving rise to four different compounds.

TABLE XI Structural transformations in the Au—Cd couple during ageing

Time after Cd concentration (wt%)

evaporation (d)

15.0 220 30.0 36.0 51.0 64.0 71.0
1-4 Au Au Au Cd Cd Cd Cd
AuCd; AuCd, Cd Au Au AuCd; AuCd,
AuCd, AuCd;
8 Au Au Au Au Cd Cd
AuCd AuCd AuCd AuCd AuCd, AuCd, AuCd,
40-46 Au Au Cd
AuCd AuCd AuCd, AuCd; AuCd,
78-95 Au Au
AuCd AuCd ? 2 2

* Transformation.
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TABLE XII Structural transformations in the Au—Ga couple during ageing

Time after
cvaporation (d)

Ga concentration (wt %)

5.0 12.0 17.0 330 40.0 60.0
70.0
1 Au Au
AuGa, AuGa, AuGa,
AuGa AuGa
Au,Ga
Au,Ga,
2 Au Au
AuGa,
AuGa AuGa
Au,Ga Au,Ga
3 Au
AuGa,
Au,Ga
Au,Ga,
7 Au AuGa, AuGa,
AuGa AuGa
Au,Ga
43-45 Au Au Au
AuGa
Au,Ga Au,Ga Au,Ga
Au,Ga, Au-,Ga, Au,Ga,
100 Au
AuGa AuGa, AuGa,
Au,Ga AuGa
360 Au Au AuGa Au Au,Ga
Au,Ga Au,Ga Au,Ga AuGa AuGa,
Au,Ga, Au,Ga, Au,Ga, Au,Ga AuGa

The formation and transformations of the compounds
during 1y are presented in Table XII.

When the specimen contains 60.0% Ga or more,
AuGa, (ASTM 3-0967) is formed and there are no
further transformations. If the gallium concentration
is lower, the specimen contains excess gold in addition
to AuGa, and a reaction

AuGa, + Au = 2AuGa (8)

takes place in which AuGa (ASTM 7-126) is tormed,
as well as another reaction

2AuGa; + 6Au = 4Au,Ga 9)

If the specimen contains less than 10% Ga, all four
compounds are formed simultaneously, but trans-
formations take place during ageing

AuGa + Au = Au,Ga (10)

and
2Au2Ga "F 3Au = AU7G32 (11)

in which AuGa and Au,Ga (ASTM 29-0619) concen-
trations are decreasing and the Au,Ga, concentration
is increasing,

Au,Ga and Au,Ga, have been identified on the
basis of the literature data [16].

2.1.10. Au-In

The first data concerning room-temperature com-
pound formation in the Au—In couple (phase diagram
[4, 12] ) were presented by Grebenik and Tonkopryad
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[17]. By evaporating gold (10 nm) and indium (70 nm)
and analysing the specimens by electron diffraction,
they found indivm and Auln, diffraction lines.

Somewhat later, Finstad et al. [18] found, in the
specimens containing more than 70 at%. In using the
Rutherford back-scattering method, that Auln, was
formed.

The Au—In couple was studied in some detail by
Simic and Marinkovic [19] using specimens
85-400nm thick with 14 different indium concentra-
tions, from 3.4%-76.0%. The specimens were ana-
lysed using XRD. The results are presented in
Table XIII. It can be seen that in the specimens with
indium concentrations higher than 40.0%, Auln,
(ASTM 3-0939) is immediately formed, either alone or
together with excess indium, depending on the indium
concentration (53.0% In is the stoichiometric value for
Auln,). This compound remains stable during the
subsequent 9 mon.

In the specimens with indium concentrations in the
15.0%-36.0% range, Auln, is also immediately for-
med, with excess gold. Gold reacts with the initially
formed compound

Auln; + Au = 2Auln (12)

whereby Auln (own standard) is formed. This com-
pound remains stable during the subsequent 9 mon in
the specimens containing 23.0%-36.0% In. If there is
more gold (specimens with 5.2%-20.0% In), the fol-
lowing reactions take place

3Auln + 4Au = Au,ln, (13)



TABLE XIIT Structural transformations in the Au-In couple during ageing

Time after In concentration (wt %)

evaporation (d)

34,36 52,70 15.0, 20.0 23.0, 29.0, 450, 53.0 57.0, 70.0,
36.0 76.0
1 Au Au Au Au In
Auln Auln, Auln, Auln, Auln,
Auslng Auln
4 Au
Auln
7,15 Auln
120 Au Au Au In
AusIng Auln, Auln,
Auyln Augln
180 Au Au Au
Ausln,
Au,ln Au,ln
270 In
Auln Auln, Auln,
and Pariset and Galtier [28] found that AuPb, was

Auln + 3Au = Au,In (14)
The Au;In; compound (20.0% In) was identified on
the basis of the literature data [20], and AuyIn (12.2%
In) using the authors own standard prepared by fusing
the stoichiometric mixture in an evacuated quartz
tube.

Investigation of the Au—In couple was continued
intensively [21-247. It was found, among other results,
that Auln, can be formed at temperatures lower than
ambient [22].

2.1.11. Au-Pb

The first data concerning room-temperature com-
pound formation in the Au—Pb couple (phase diagram
[4, 12] ) were presented by Fujiki [7]. By analysing
evaporated specimens containing different Au/Pb
concentration ratios (from 80:20 to 15:85) using elec-
tron diffraction, Fujiki found that three compounds
were formed: AuPb;, AuPb, and Au,Pb. The reflec-
tions in the XRD diagrams of these specimens were
most often of low or medium intensity. Which com-
pound will be formed depends on the constituent
concentrations in the specimen. Similar results were
published by Leder, one decade later [25].

Weaver and Brown [26] used a different approach.
They followed the procedure used by Schopper [27],
who studied change in reflectivity of the Au—Pb speci-
men golden surface during heating in a vacuum.
Weaver and Brown studied the change of gold reflec-
tivity in the Au—Pb specimen during its room-temper-
ature ageing. The decrease in reflectivity stopped after
approximately 1 h, when the XRD of the specimen was
taken. The obtained compound was identified as
AuPb,.

Using the Au—Pb specimens 800 nm thick with 26.1
wt % Pb, Tu and Rosenberg [8] found that AuPb,
was formed. However, the process was followed only
for 2-3 wks.

formed in the thin film specimen at a temperature as
low as — 150°C.

Marinkovic and Simi¢ [13] made a detailed XRD
study of the transformation process of the compounds
formed during 2 mon. Specimens 37-300nm thick
containing different lead concentrations were used:
24.0%, 34.0% (Au,Pb), 44.0%, 67.0% ( ~AuPb,),
76.0% ( ~AuPb;) and 85.0%. The transformation
process is represented in Table XIV.

Depending on the lead concentration in the speci-
men, AuPb,; (ASTM 11-573) and/or AuPb, (ASTM
8-419) were formed already during the first day. In the
specimens containing 85.0% Pb, only AuPb; was for-
med and there was no further transformation during
subsequent ageing. In the specimens containing 67.0%
Pb, AuPb; transforms into AuPb,, and in the speci-
mens with less than 50.0% Pb, AuPb, is transformed
to Au,Pb [26]. The transformation can be expressed
by

2AuPb, + Au = 3AuPb, (15)

TABLE XIV Structural transformations in the Au-Pb couple
during ageing

Time after Pb concentration (wt %)
evaporation {d)
24.0 34.0, 44.0 67.0 76.0, 85.0
1-3 Au Au Au Pb
AuPb, AuPb, AuPb, AuPb;
AuPb,
8 10 Au Au Pb
AuPb, AuPb,
AuPb; AuPb;
15 20 Au Au Pb
AuPb, AuPb, AuPb;,
30-40 Au Au Pb
AuPb, AuPb, AuPb, AuPb;
Au,Pb
50-60 Au Au Pb
AuPb, AuPb, AuPb, AuPb;,
Au,Pb Au,Pb
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and

AuPb, + 3Au = 2Au,Pb (16).

From the data in Table XIV it can be inferred why
certain authors did not identify all three compounds.
Weaver and Brown [26] used specimens containing
two different constituent concentrations, one with (un-
known) excess lead and the other with 37.0% Pb. In
both cases, the formation of Au,Pb is possible. How-
ever, if the specimen contains 37.0% Pb, the com-
pound is formed only after 1-1.5mon, which is con-
siderably longer than the time during which the
authors followed their specimens, although they had
supposed the possibility of Au,Pb formation. A sim-
ilar interpretation is possible for the results obtained
by Tu and Rosenberg [8]. Studies of the Au-Pb sys-
tem continued in the following decade [29].

2.1.12. Au-Sb

The first results concerning room-temperature com-
pound formation in the Au-Sb couple (phase diagram
[4, 12]) were presented by Simi¢ and Marinkovic
[30]. A detailed study of this couple was made using
the samples 100-257nm thick with eight different
antimony concentrations.

Analysis of the samples was made using the XRD.
Only AuSb, (ASTM 8-460) was found to be formed.
The compound is formed in certain specimens only
some 10d after evaporation (Table XV)

In all the specimens, the compound appeared only
after 1.5-2 mon and the process was completed within
about 3mon in the specimens containing less than
40% Sb. From the XRD powder diagrams it can be
seen that the specimens with 43.0% and 56.0% Sb, i.e.
near the stoichiometric AuSb, value, contain the high-
est compound concentrations.

2.1.13. Au-Sn

The first results concerning room-temperature com-
pound formation in the Au-Sn couple (phase diagram
[4, 12] ) were presented by Tu and Rosenberg [8]. The
tables presenting the compounds formed contain

TABLE XV Structural transformations in the Au-Sb couple
during ageing

Time after Sb concentration (wt %)
evaporation (d)
8.7 17.7 25.7 30.0 43.0, 56.0,
75.0, 86.0
1-3 Au Au Au Au Au
Sb Sb Sb Sb Sb
810 Au Au Au
Sb Sb Sb
AuSb, AuSb,
46 50 Au Au Au Au Au
Sb Sb
AuSb,  AuSb,  AuSb,  AuSb,
81 85 Au  Au Au Au Au
Sb
AuSb,  AuSb, AuSb, AuSb,

AuSny. The authors concluded that this compound
was formed just because it contains the most tin. The
analysis was made by XRD.

Buene et al., using Rutherford, back-scattering [31],
inferred that in the Au—Sn couple the compounds were
formed during or immediately after evaporation. The
authors supposed that in their specimens, depending
on the Au/Sn ratio, AuSn, AuSn, and AuSn, were
formed. They stated that only the formation of AuSn,
was confirmed by X-ray and electron diffraction, i.e.
by reliable identification methods.

The Au-Sn couple was the subject of a detailed
study by Simi¢ and Marinkovic [32] using specimens
215-480nm thick with ten different concentrations
(3.0-73.0 wt % Sn). Analysis of the specimens was
made by XRD. The obtained results are presented in
Table XVI.

Table XVI shows that already during the first day,
four compounds are formed: AuSn, (own standard),
AuSn; (literature data [33, 34] ), AuSn (ASTM §-463)
and AusSn (own standard). The constituent concen-
trations in the specimen determine the compound to
be formed. During 1 y ageing, a number of transforma-
tions take place.

In the specimens with constituent concentration
ratios close to the stoichiometric AuSn, value (70.76%

TABLE XVI Structural transformations in the Au-Sn couple during ageing

Time after Sn concentration (wt %)
evaporation (d)
3.0,9.0, 13.0 24.0, 32.0 37.0 53.0 58.0 65.0, 73.0
1 Au Au Sn
AusSn AuSn AuSn AuSn, AuSn, AuSn,
AuSny AuSny
30 AuSn,
150 Au
AusSn AuSn
180 Sn
AuSn,
AuSny
210 Au
AusSn
300 Au AuSn AuSn, AuSn, Sn
and AusSn AuSn, AuSn,
360 AuSn
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Sn), AuSn, is transformed to AuSn,, which remains
stable
AuSn, + 2Sn = AuSn, (17)

In the specimens having constituent concentrations
close to the AuSn, stoichiometric value (54.62% Sn),
the compound is stable and has no transformation.
The same holds for the remaining two compounds,
which remain stable in the specimens with the con-
stituent concentrations close to the respective
stoichiometric values: AuSn (37.57% Sn) and AusSn
(10.1% Sn). In the concentration range .20.0%—30.0%
Sn the following transformation takes place

AuSn + 4Au = AusSn (18)

Later, the ASTM standards became available for the
remaining three compounds: ASTM 28-0441 (AuSny),
ASTM 31-0568 (AusSn) and ASTM 28-0440 (AuSn,).
The first two ASTM cards correspond to the internal
standards prepared by Simi¢ and Marinkovi¢ [32],
and the third one corresponds to the standard pub-
lished by Mirkin [34]. All three cards are of the
“calculated” type and have more reflections than the
mentioned internal standards.

The paper by Buene [35] contains data relative to
the Au—Sn specimens studied in the range 20400 “C.
Thereby a paper by the same author [31] is con-
sidered to be a preliminary one. Analysis was per-
formed by the X-ray and electron diffraction, as well
as by the Rutherford back-scattering method. It has
been found that, in unheated specimens, the AuSn,,
AuSn, and AuSn compounds appear. An unidentified
additional phase has been found at elevated temper-
atures, considered to be the & phase (in fact, this is
AusSn).

Room-temperature compound formation and their
transformations in the Au—-Sn couple have since been
extensively analysed. An essential contribution has
been supplied by the Oslo group [36-41], and by
Sharma et al. [42]. The & phase, AusSn, was finally
identified by the Oslo group [40].

2.1.714. Au-Te

The first results concerning compound formation in
the Au—Te couple (phase diagram [4, 12] ) were pre-
sented by Bernéde et al. [43, 44]. The formation of the
compound, the XRD powder diagram of which corres-
ponds completely to AuTe,, was found by the authors
to take place 1y after evaporation. Marinkovi¢c and
Simi¢ did not find this compound [13].

2.1.15. Au-Zn

The first results concerning room-temperature com-
pound formation in the Au-Zn couple (phase diagram
[4, 12] ) were presented by Marinkovi¢ and Simi¢ [14].
A detailed study of the couple was made using speci-
mens 216-350nm thick with eight different zinc con-
centrations: 10.0% (~AusZn), 150%, 27.0%
( ~AuZn),47.0% and 56.0% ( ~ AuZns), 65.0%, 72.0%
and 83.0%. Analysis of the specimens was performed
by XRD. The results are presented in Table XVII.

During the first 2d, AuZn; (ASTM 12-84) formed in
all the specimens. In the specimens containing more
than 50.0% Zn, this compound, with an excess of zinc,
remained unchanged for 5 mon. In the samples with
less than 50.0% Zn, a transformation takes place:
AuZn; with an excess of gold is transformed to AuZn
(own standard), the rate of the presented transforma-
tion depending on the zinc concentration. This com-
pound with an excess of gold remains stable for 5 mon.

2.1.16. Bi-Pd

The first results concerning room-temperature com-
pound formation in the Bi—Pd couple (phase diagram
[4,45]) were presented by Simic and Marinkovic [46].
A detailed study was made using specimens
150—550 nm thick with three different Palladium con-
centrations: 20.3% (PdBi,), 33.8% (PdBi) and 62.9%.
The specimens were analysed by XRD. The results are
presented in Table XVIIL

TABLE XVII Structural transformations in the Au—Zn couple
during ageing

Time after Zn concentration (wt %)
evaporation
(d) 10.0 15.0 27.0 47.0 56.0, 65.0
72.0, 83.0
12 Au Au Au Au Zn
AuZn; AuZn; AuZn; Zn AuZn,
AuZn AuZn,
4 Au
AuZn
8-9 Au Au
AuZn AuZn,
AuZn
13-15 Au Au
AuZn AuZn
40- 50 Au Au AuZns Zn
AuZn AuZn AuZn AuZn,
78-82 Au AuZn;y Zn
AuZn AuZn AuZn;
140-160 Au Au Au
AuZn AuZn AuZn

TABLE XVIII Structural transformations in the Bi-Pd couple
during ageing

Time after Pd concentration (wt%)

evaporation
20.3 33.8 62.9

lh Bi Bi Bi
Pd Pd Pd

2d Bi Bi
Pd Pd
PdBi,

5d Bi Bi Bi
Pd Pd Pd
PdBi,

14d Bi Bi Bi
Pd Pd Pd
PdBi, PdBi,

6ld Pd Pd Bi

52mon PdBi, PdBi, Pd

571



It can seen that only PdBi, (ASTM 27-0436) has
formed. The rate of formation depends on the constitu-
ent concentrations.

2.1.17. Cd-Cu

In the Cd—Cu couple (phase diagram [4]), the first
results relative to room-temperature compound forma-
tion were in a paper by Simi¢ and Marinkovic [47] and
complemented by the same authors [48]. A detailed
study of the couple was performed using specimens
120-220 nm thick containing five different copper con-
centrations: 10.0%, 15.0%, 25.0%, 50.0% (Cu,Cd,)
and 75.0% (CusCdg). Analysis of the specimens was
performed using the XRD. The results are presented in
Table XIX. It can be seen that in the specimens contain-
ing less copper, the Cu,Cd; compound (ASTM 20-178)
was formed already in the first days. After 15d, this
compound was formed in all the specimens and re-
mained stable for 3 mon. In the specimens with the least
copper, the CuCd; compound (ASTM 16-17) was ob-
served, which remained stable within the time interval
studied.

TABLE XI1X Structural transformations in the Cd—Cu couple
during ageing

Time after Cu concentraton (wt%)
evaporation
(d) 10.0 15.0 25.0 50.0 75.0
2-3 Cd Cd Cd Cd Cd
CuyCd;y;  CuyCdy* CuyCds* Cu Cu
5-8 Cd Cd Cd Cd Cd
Cu Cu
Cu,Cd;  CuyCd; CuyCd; Cu,Cd,
15 Cd Cd Cd Cd Cd
Cu Cu
CuyCd;  CuyCdy  CuyCdy CuyaCdi® CuyCds
30 Cd Cd Cd Cd* Cd
Cu Cu
Cu,Cd;  Cu,Cdy;  Cu,Cdy; CuyCdy* Cu,Cdy
CuCd,*
60 Cd Cd Cd Cu Cu
Cu,Cd; Cu,Cd; CuyCdy  CuyCdy  CuyCd,
CuCd;
90 Cd Cd
Cu,Cd; Cu,Cd;
CuCd;
* Trace.
2.1.18. Cd-Te

The first results concerning room-temperature com-
pound formation in the Cd-Te couple (phase diagram
[4]) were presented by Marinkovic and Simi¢ [49].
A detailed study of the couple was made using speci-
mens 170-200nm thick with five different tellurium
concentrations; 34.0%, 47.0%, 53.2% (CdTe), 58.0%
and 69.8%. XRD was used to analyse the specimens.
The results are presented in Table XX. The CdTe
compound (ASTM 15-770) was formed in trace
amounts only in the specimen containing 53.2% Te

572

(stoichiometric value) after 1 wk. The concentration of
the compound slowly increased with time. In the speci-
mens in which CdTe had not been formed, some oxide
compounds formed due to the action of the atmosphere
on cadmium, appeared during ageing,

TABLE XX Structural transformation in the Cd-Te couple
during ageing

Time after Te concentraton (wt%)
evaporation (d)
34.0 47.0 53.2 58.0 69.8
1 Cd Cd Cd Cd Cd
Te Te Te Te Te
15 Cd Cd Cd Cd Cd
Te Te Te Te Te
CdTe
90 Cd Cd Cd Cd Cd
Te Te Te Te Te
CdTe 8
240 Cd Cd Cd Cd Cd
Te Te Te Te Te
CdTe 4 B

* Product of atmospheric action on cadmium.

2.1.19. Cu-Ga

The first results on the room-temperature compound
formation in the Cu—Ga couple (phase diagram [4])
were presented by Simi¢ and Marinkovic [47]. A de-
tailed study of the couple was made with specimens
180-190 nm thick with six different gallium concentra-
tions from 15.0-68.0%. Irrespective of the gallium
concentration, the CuGa compound (ASTM 3-1048)
was already formed during the first day and there were
no further changes with time (Table XXI).

TABLE XXI Structural transformation in the Cu-Ga couple
during ageing

Time after Ga concentration (wt%)

evaporation (d)
15.0, 25.0, 62.0, 68.0
420, 52.0

1 Cu Cu?®
CuGa CuGa

2,30 Cu

120, 900 CuGa CuGa

* Trace.

2.1.20. Cu-In

The first results relative to room-temperature com-
pound formation in the Cu-In couple (phase diagram
[4]) were presented by Simi¢ and Marinkovi¢ [47].
A detailed study of the couple was made on specimens
176—-200 nm thick, with six different indium concen-
trations from 15.0-85.0%. XRD was used to analyse
the specimens. Irrespective of the indium concentra-
tion, a certain compound was already formed during
the first day, together with an excess of copper (speci-
mens with 15.0%—46.0% In) or indium (specimens
with 70.0-85.0% In).



Identification of the compound formed could not be
done on the basis of the available ASTM cards, be-
cause the XRD powder diagram obtained from the
specimens was different from the data in the cards.
The fact that Indium and copper disappeared in the
specimen containing 70.0% In, so that only the for-
med compound remained, suggested that the com-
pound had a formula corresponding to about 70.0%
In. An additional fact is that the intensity of all reflec-
tions in the diagram of the 70.0% In specimen is
higher than in the other specimens. Both these facts
led the authors to the conclusion that the compound
formed is Culn (65.0 wt% In). The XRD powder re-
sults of the compound are presented in Table XXII.
These results were later accepted as the ASTM
35-1150 standard for Culn. Chen et al. [50] and Albin
et al. [51] also identified Culn in thin-film couples at
room temperature. Structural transformations in the
Cu-In couple are presented in Table XXIII.

TABLE XXII X-ray powder diagram of compound formed in the
Cu-In thin film specimens

dom) Iy d@m) I, d@em) I, dmm) I,
0.7250 6 01656 3 01485 5 0.1367 3
03312 12 01563 6  0.1481 3 01202 4
02596 100 01561 4 01411 3 0.1198 4
02347 18 01542 12 0.1409 2 01196 3
02099 56 01537 8§ 01370 7 0.1104 1
0.1661 3

TABLE XXIIT Structural transformation in the Cu-In couple
during ageing

Time after In concentration (wt%})
evaporation (d)
15.0,25.0, 70.0 85.0
32.0,46.0
1 Cu In In
Culn Culn Culn
10, 106 Cu In
Culn Culn Culn
900 Cu
Culn Culn Culn

2.1.21. Cu-Sb

The first results concerning room-temperature com-
pound formation in the Cu—Sb couple (phase diagram
[4]) were presented by Simi¢ and Marinkovi¢ [47].
A detailed study of the couple was made with speci-
mens 175-220nm thick containing five different
antimony concentrations: 22.9%, 34.9%, 44.2%
( ~CusSb), 52.0% ( ~Cua2Sb) and 75.0%. XRD was
used to analyse the specimens. The results are
presented in Table XXIV.

It can be seen that only Cu2Sb (ASTM 3-1024) has
formed during the 8 mon period studied. The process
of compound formation is very slow, its rate increas-
ing with antimony concentration. Thus the first trace
of CuzSb is observed after more than 1 mon in the
specimen with 75.0% Sb, but in the specimen contain-
ing the least Sb (22.9%) it is observed after 3 mon.
After 10 mon, the intensity of the formed compound is

TABLE XXIV Structural transformations in the Cu Sb couple
during ageing

Time after Sb concentration (wt%)
evaporation
(d) 229 349, 44.2 52.0 75.0
1 Cu Cu Cu Cu*
Sb Sb Sb Sb
34 Cu Cu Cu Cu?
Sb Sbh Sb Sb
Cu,Sb?*
51 Cu Cu Cu Cu*
Sb Sb Sb Sb
Cu,Sb? Cu,Sb Cu,Sb*
91 Cu Cu Cu Cu®
Sb Sb Sb Sb
Cu,Sb* Cu,Sb Cu,Sb Cu,Sb
150, Cu Cu Cu Cu®
250 Sb Sb Sb Sb
Cu,Sb Cu,Sb Cu,Sb Cu,Sb
* Trace.

higher, but the process of compound formation is not
completed.

2.1.22. Cu-Sn

The first results relative to room-temperature com-
pound formation in the Cu—Sn couple (phase diagram
[4]) were presented by Tu [52]. The couple was
studied using specimens 0.5-3 pm thick containing
three different tin concentrations: ~ 37%, ~ 66%
and ~ 81%. XRD was used to analyse the specimens.

In all the specimens studied, only CusSns was ob-
served. Three powder diagrams taken during 1y age-
ing were presented for the specimen with ~37% Sn. It
can be seen that the specimens aged for 1 and 15d
contain three phases, Cu + Sn 4+ CueSns, while the
third 1y aged specimen contains only copper and
CueSns. The statement that CueSns has been ob-
tained in the specimen containing about 37% Sn has
been repeated in another paper by the same author
[8].

The Cu-Sn couple was the subject of a detailed
study presented by Simi¢ and Marinkovi¢ [47]. Speci-
mens 183—-189 nm thick with five different tin concen-
trations were used: 20.0%, 39.0% (CusSn), 50.0%,
61.0% (CueSns) and 85.0%. XRD was used to analyse
the specimens.

The results of compound formation and trans-
formations during ageing are presented in Table XXV,
It can be seen that CusSns (ASTM 2-0693) is immedi-
ately formed in all the specimens and that the reaction
is completed within 3 wks, except for the specimen
with 50.0% Sn. Comparison of the results for 39.0%
Sn from this paper with those for 37.0% Sn from the
previous paper [52] shows that they are similar to
cach other, the exception being that the reaction took
more time in the previous work because the specimen
was three times thicker.

2.1.23. Cu-Te
The first published results regarding room-temperature
compound formation in the Cu-Te couple (phase
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TABLE XXV Structural transformations in the Cu Sn couple
during ageing

Time after Sn concentration (wt%)
evaporation
(d) 20.0 39.0 50.0 61.0 85.0
1 Cu Cu Cu Cu
Sn Sn Sn Sn Sn
CugSns CueSns  CueSng
2, Cu Cu Cu Cu
3 Sn Sn Sn Sn Sn
CugSns  CugSns  CueSns  CugSns  CugSns
S Cu Cu Cu Gu
Sn Sn Sn Sn
CugSns  CugSns  CugSns  CugSns  CugSns
20, Cu Cu Cu
49 Sn Sn Sn
CueSns  CugSns  CueSns  CugSns  CugSns
101, Cu Cu Cu Sn Sn
930 CueSns  CueSns  CugSns  CugSns  CugSng

TABLE XXVI Structural transformations in the Cu-Te couple
during ageing

Time after Te concentration (wt%)
evaporation
(d) 20.0 50.1 60.1 66.7 85.0
1 Te Te Te
Cu;Te CusTes CusTes Cu,Tes X
2 Te Te Te
Cu;Te Cu4Tes Cu-Tes Cu,Te; X
CuTe CuTe
3 Te Te
Cu;Te Cu,Tes Cu,Tes Cu,Tes X*
CuTe CuTe CuTe
4 Te Te
Cu;Te Cu,Tes Cu,Tes Cu,Tes X
CuTe CuTe CuTe CuTe
13, Te Te
43 CusTe Cu,Tes Cu,Tes Cu-Tes X*
CuTe CuTe CuTe
83 Te Te
Cu;Te Cu,Tes Cu,Tes Cu,Tes
CuTe CuTe CuTe
900 Cu,Tes Cu,;Tes Cu,Tes
CuTe CuTe CuTe
*X: Unidentified phase.
diagram [4]) were reported by Simi¢ and

Marinkovi¢ [47]. A detailed study of the couple was
made with specimens 182—-195 nm thick with five differ-
ent tellurium concentrations: 20.0% (CuTex), 50.1%
(CuaTe), 60.1% (CuaTes), 66.67% (CuTe) and 85.0%.

The formation of compounds depends on the con-
stituent concentrations in the specimens. Table XXVI
presents structural transformations during ageing.
Thus, CusTe (ASTM 18-456) (previously designated
CuTex [53]) is immediately formed in the specimen
containing 20.0% Te and no further transformations
occur during 3 mon ageing.

The CusTes compound (ASTM 19-409) (pre-
viously designated Cuy.44Te [53]) is formed in the
specimens containing 50.1%, 60.1% and 66.67% Te.
The CuTe compound (ASTM 13-258) is formed by
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transformation during ageing. Domination of this
compound increases with increasing tellurium concen-
tration in the specimen.

In the specimen containing 85.0% Te, some uniden-
tified phase, X (which perhaps contains more tellu-
rium than would correspond to the CuTe formula), is
formed in the beginning, and then CuTe.

2.1.24. Cu-2n

The first results concerning room-temperature com-
pound formation in the Cu—Zn couple (phase diagram
[4]) were reported by Simi¢c and Marinkovi¢ [47].
A detailed study of this couple was performed using
specimens 185—187 nm thick, containing four different
zinc concentrations: 26.0%, 49.0%, 62.0% (CusZns)
and 83.0% (CuZng). Analysis of the specimens was
made by XRD. Identification of the obtained powder
diagrams was made using the authors own standard
prepared by fusing a mixture of the stoichiometric
amounts of the elements corresponding to the CuZng
formula (i.e. 83.0% Zn) in an evacuated quartz tube.

Only one compound, CuZng, was present in all the
specimens (Table XXVII). [ts concentration increased
at the beginning, then showed saturation and finally
began to decreasc and even disappeared. It disap-
peared first in the specimen with the lowest zinc con-
centration (26.0%), then in the specimen with 49.0%
Zn. In the specimen with 62.0% Zn, only trace of
CuZn4 remained after 8 mon. In the specimen con-
taining the highest zinc concentration (83.0%), CuZna
remained stable during the investigated period. The
data from the XRD diagram obtained with the stan-
dard are presented in Table XXVIIL.

At the time of publication of the mentioned paper
[47], the authors thought that the phenomenon in
question was a reorientation of the microcrystals in
the film. Only quite recently they found that it is a new
phenomenon which appears in a number of couples
during their ageing [54].

TABLE XXVII Structural transformations in the Cu -Zn couple
during ageing

Time after Zn concentration (wt%)
evaporation (d)
26.0 49.0 62.0 83.0
1 Zn Zn Zn Zn
Cu Cu Cu
CuZny CuZn,
4-5 Zn Zn Zn Zn
Cu Cu Cu
CuZn, CuZng CuZng CuZn,
10-15 Cu Cu Cu Zn
CuZng CuZny, CuZn, CuZng
40 Cu Cu Cu
CuZn, CuZn, CuZng CuZn,
105 Cu Cu Cu
CuZny CuZn, CuZng
130 Cu Cu Cu
CuZny CuZny
240 Cu Cu Cu
CuZn,* CuZn,

* Trace.



TABLE XXVIII X-ray powder diagram of the Cu--83% Zn
standard

d (nm) 1/l d (nm) 1/l
0.2380 30 0.1226 20
0.2150 70 0.1192 4
0.2076 100 0.1158 15
0.1592 16 0.1148 10
0.1374 14 0.1074 14

The results from Table XXVII were later accepted
as the ASTM 35-1151 and 35-1152 standard (bulk
and thin film, respectively) as CuZns. This formula
was adopted because the specimens in question con-
tain 83.0% Zn. Both formulae can be accepted tem-
porarily, until further investigations show which one is
more adequate.

2.1.25. Ga-Mg

In the Ga-Mg couple (phase diagram [4,53] ) the first
results relative to room-temperature compound
formation were presented by Marinkovic and Simic
[55]. The couple was studied in some detail using
specimens 175-188 nm thick with four different mag-
nesium concentrations: 15.0% (MgGaz), 26.5%
(MgGa), 41.0% (Mg2Ga) and 55.0% (MgsGaz). XRD
was used to analyse the specimens. It was found that,
depending on magnesium concentration, one or two
compounds were formed: Mg2Ga (ASTM 23-260) and
Mg:Gas (ASTM 25-277) (Table XXIX).

In the specimens containing 15%-41% Mg, the
compound Mg:Ga was formed already during the
first day, while in the specimen with 55% Mg, this
happened after 2 wks. In the former specimens, the
compound reacted with an excess of gallium to pro-
duce another compound

Mg:Ga + 4Ga = Mg:Gas (19)

while in the latter specimens this reaction did not take
place. Both these compounds are unstable: the first
disappeared within 2 wks and the second within
3 mon.

2.1.26. Ga—-Ni

In the Ga-Ni couple (phase diagram [4]), the first
results concerning room-temperature compound
formation were presented by Marinkovi¢ and Simic
[56]. A detailed study of the couple was made with
specimens 147-176 nm thick with seven different
nickel concentrations: 10.0%, 17.0% (NiGaa), 36.0%
(Ni2Gas), 44.7% (NiGa), 55.7% (NisGaz), 63.0%
(Ni2Ga) and 70.0% ( ~NiaGa). The specimens were
analysed by the XRD. Identification of the XRD dia-
grams obtained could not be performed by means of
the available ASTM standards which differed from the
diagrams obtained. The results were as follows. In the
specimens with 10.0% and 17.0% Ni one compound
was formed together with excess gallium, and in those
containing 36.0% -55.7% Ni the same compound was
formed with excess nickel. Only nickel and gallium
were identified in the specimens with 63.0% and
70.0% Ni. Because identification of the compound
could not be done, the specimens were annealed in
vacuum at 40-100"C. Ni2Ga and Ni2Gas were for-
med in the annealed specimens with 36.0%—70.0% Ni.
In the specimens containing 10.0% and 17.0% Ni (i.e.
with highest gallium content) no change was produced
by annealing at 100°C, ie. the formed compound
remained. This led the authors to conclude that the
compound formed was NiGas. By annealing with
excess nickel, the Ni2Gas compound is produced

3NiGas + 5Ni = 4 Ni»Gas (20)

which is obtained experimentally.

According to Hansen and Anderko [ 53], NiGas has
a cubic structure, ¢ = 0.842nm. The measurements
made by the authors show that the compound formed
has a lattice constant a = 0.85nm, with hkl values
presented in Table XXX.

The XRD results from Table XXX were later accep-
ted as the ASTM 36-1146 standard for NiGas and
then deleted, probably because a new ASTM 37-1095
card for NiGas appeared. However, the two structures
differ considerably and should not be concurrent. Fur-
ther studies will show to which structure the NiGaas
formula corresponds. A possibility exists that one of

TABLE XXX Structural transformations in the Ga—Mg couple during ageing

Time after evaporation (d) Mg concentration (wt%)

15.0 26.5 41.0 55.0
-2 Mg,Gas Mg Mg Mg
Mg,Ga Mg,Ga Mg,Ga
7 Mg Mg
Mg,Gas Mg,Ga
14-16 All disappeared Mg Mg
Mg,Ga Mg,Ga
Mg,Gas
33 Mg
Mg,Ga
81 Mg
Mg,Ga?*
106 All disappeared
“ Trace.
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TABLE XXX X-ray diagram of thin film NiGa, specimen

d (nm) hkl I/,
0.2675 310 70
0.2436 222 45
0.2260 321 55
0.1989 330,411 100

TABLE XXXI Structural transformations in the Ga-Ni couple
during ageing

Time after Ni concentration (wt %)

evaporation

(d) 10.0, 36.0 447 55.7 63.0,
17.0 70.0

1-3 Ni Ni Ni Ni
Ga Ga
NiGa, NiGay NiGa,*

21 Ni Ni Ni
Ga Ga Ga
NiGa, NiGa, NiGay

30, 90, Ga Ni Ni Ni Ni

150 NiGay, NiGay NiGay, NiGay, Ga

Note: Although gallium is amorphous in thin films ( < 10pum), it has
been formed here in a polycrystalline state.
* Trace.

them corresponds to the low-temperature phase
(ASTM 36-1146) and the other to the high- or me-
dium-temperature one (ASTM 37-1095).

Table XXXI shows the formation and tranforma-
tion of the compound over 5 mon.

2.1.27. Ga-Pd

The first results relative to room-temperature com-
pound formation in the Ga—Pd couple (phase diagram
[4,45]) were presented by Simi¢ and Marinkovi¢ [46].
The couple was studied using specimens 200-450 nm
thick with three different palladium concentrations:
40.0% and 45.0% ( ~Pd3Gay) and 74.0% ( ~ Pd2Ga).
The specimens were analysed by XRD. The results are
presented in Table XXXII. It can be seen that only one
compound, PdGas (ASTM 15-0577), was formed.
There was no transformation during the period in
which the process was followed.

TABLE XXXII Structural transformations in the Ga--Pd couple
during ageing

Time after Pd concentration (wt%)
evaporation
40.0 45.0 74.0
1d Pd Pd Pd
PdGas PdGas PdGa;,
35d Pd Pd
PdGas PdGas; PdGa,
50 mon* Pd Pd
PdGas PdGas PdGas

» Reaction continued-the concentration of PdGas increased with
time.
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TABLE XXXIIT Structural transformations in the Ga—Sb couple
during ageing

Time after Sb concentration (wt%)
evaporation
53.0 63.0 73.0

7d Sb Sb Sb

GaSb
2, 6 mon, Sb Sb Sb
2y GaSb
9.25, Sb Sb Sb
10.75y GaSb
TABLE XXXIV Change in X-ray intensity ratio
Igasa 11/ Isvio 0 3) during ageing
Ageing time Igasot 113/ Ageing time Igasvii11y/
(mon) g0 0 3) (v) Ispo03)
0.3 Q.16 1 2.50
2 1.6 2 2.57
3 1.85 9.25 293
4 2.00 10.75 2.92
6 2.40
2.1.28. Ga-Sb

The first results concerning the room-temperature
compound formation in the Ga-Sb system (phase
diagram [4,57]) were presented by Marinkovi¢ and
Simic¢ [55]. A detailed study of the system was per-
formed on specimens 160-187nm thick, with three
different antimony concentrations: 53.0%, 63.0%
(GaSb) and 73.0%. The specimens were analysed us-
ing XRD, and the results are presented in Table
XXXIIL.

It can be seen that GaSb (ASTM 7-215) has formed
only in the specimen containing 63.0% Sb, which
shows that its range of existence is narrow. In fact,
a barely seen trace of the main GaSb reflection is also
present in the other two specimens, but its intensity
does not increase with time.

The GaSb formation is extremely slow. This can be
seen from Table XXXIV, into which the results of the
new measurements have been also inserted. Table
XXXIV shows that the reaction is completed and the
process of compound formation is finished after less
than 9y (probably after 7-8 y). Thus, it is the slowest
room-temperature reaction of all the thin film couples
analysed.

2.1.29. In-Ni

The first results concerning the room-temperature com-
pound formation in the In-Ni couple (phase diagram
[4, 58]) were presented by Marinkovi¢ and Simic [56].
A detailed study of the couple was made using speci-
mens 180-184 nm thick with four different nickel con-
centrations: 18.0% (Nizln7), 25.3% (NizInz), 32.8%
(Niln) and 60.6% (NisIn). The specimens were analysed
using XRD and the results are presented in Table
XXXV. The table shows that LTNizIns is formed in the



TABLE XXXV Structural transformations in the In—Ni couple during ageing. LT = low-temperature phase

Time after Ni concentration (wt%)
evaporation
(d) 18.0 25.3 328 60.6
1 Ni Ni Ni
In In In
2 Ni
In
LTNi,In;*
3 Ni
In
LTNi,In,
21 Ni Ni
In In In In®
LTNi,In; LTNi,In; LTNi,In; LTNi,In;
53 Ni
In In In
LTNi,In, LTNi,ln; LTNi,In;
90 In In® Ni Ni
LTNi,In; LTNiIn; In
Nijoln,* LTNi,In; LTNi,In;
135 In In®
LTNi,In; LTNi,In;
Nijoln,,
360 Ni*
In® In® In?
LTNiyIn; LTNi,In; LTNi,In;
Nijplns,
* Trace.
TABLE XXXVI X-ray powder diagram of LTNi,In; thin film standard
d (nm) I/, d (nm) I, d (nm) e d (nm) /1,
0.2797 40 0.2368 14 0.1556 16 0.1427 8
0.2675 100 0.2310 34 0.1535 12 0.1379 8
0.2529 86 0.2207 30 0.1513 16 0.1355 12
0.2495 40 0.2085 32 0.1488 8 0.1321 8
0.2462 50 0.2045 60 0.1465 8

specimen containing the highest nickel concentration
already within a few days after evaporation. Within
3wks, it is also formed in the other specimens. In the
specimens containing 25%-60% Ni the process is vir-
tually completed within 1y, without any further trans-
formations. The compound reflections are most inten-
sive in the powder diagram of the specimen with 25.3%
Ni (74.7% In). It was supposed, therefore, that the
compound in question is LTNizIns. The XRD powder
results of our own thin-film standard for this com-
pound are presented in Table XXXVI. These results
were later accepted as the ASTM 36-1147 standard.

In the specimen containing 18.0% Ni, a structural
transformation takes place after 3 mon. The reflections
due to the originally formed compound become weaker
and a new compound, Niiolnz7 (ASTM 7-299), appears
in the XRD diagram according to the reaction

SLTNizInz + 12In = Nijolnay (21

2.1.30. In-Pd

The first results relative to the room-temperature com-
pound formation in the In-Pd couple (phase diagram
[4,457) were presented by Simi¢ and Marinkovi¢ [46].
The couple was studicd using specimens 125-300 nm

thick with three different palladium concentrations:
35.0% ( ~Pdalns), 48.2% (PdIn) and 73.6% (Pdsin).
XRD was used to analyse the specimens.

Only PdIns (ASTM 21-407) was formed in the in-
vestigated specimens (Table XXXVII). Its concentra-
tion gradually increases with time.

TABLE XXXVII Structural transformations in the In-Pd
couple during ageing

Time after Pd concentration (wt%)
evaporation
350 48.2 73.6
2d Pd Pd
In In
PdIn;®
7d Pd Pd
In In?®
PdIn, PdIn,
56d Pd Pd
In®
PdIn; PdIn,
51 mon Pd Pd Pd
In
Pdln; Pdin; PdIn,
* Trace.
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2.1.31. Ni-Sn

In the Ni-Sn couple (phase diagram [4, 59]), the first
results concerning the room temperature compound
formation were presented by Tu and Rosenberg [8].
The table presenting the intermetallic compounds for-
med at room temperature contains NiaSns. XRD was
used to analyse the specimens.

A detailed study of the Ni- Sn couple was performed
by Marinkovic and Simi¢ [56] using specimens
171-183nm thick with four different tin concentra-
tions: 40.2% (Ni13Sn), 57.5% (Ni3Snz), 66.9% (NiSn)
and 72.9% (Ni3Sna).

The results are presented in Table XXXVIIIL. It can
be seen that only NiSn (ASTM 26-1289) has been
formed, irrespective of the tin concentration.

It is interesting why there is a difference in the
results of the two studies performed by the same
techniques. Tu and Rosenberg [8] have used a speci-
men four times thicker and therefore the process pre-
sumably occurred more slowly. The authors followed
the reaction for only 2-3 weeks. According to the
ASTM card for NiSn (published later), NiSn and
NisSn4 have some common reflections. The reason for
the confusion might be that the key reflections were
not yet present in their specimen. Their specimen
(which contained 32.7wt% Sn), because of its thick-
ness, during the course of a long observation would
produce a greater number of better-defined reflections
in the XRD diagram, which would solve the dilemma.

TABLE XXXVIII Structural transformations in the Ni-Sn
couple during ageing

Time after Sn concentration (wt%)
cvaporation

40.2 57.5, 669, 72.9
10 -13d Ni Ni

Sn Sn

NiSn NiSn
2.5, 4mon Ni Ni

Sn
NiSn NiSn

2.1.32. Ni-Te
The first results relative to the room-temperature com-
pound formation in the Ni-Te couple (phase diagram

TABLE XXXIX Structural transformations in the Ni~Te couple
during ageing

Time after Te concentration (wt%})
evaporation
68.5 81.3
9--10d Ni Ni
Te Te
NiTe,* NiTe,
354, Ni Ni
3,7 mon Te Te
NiTe, NiTe,

* Trace.
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[4,45]) were given by Marinkovic and Simi¢c [49].
A detailed study of the couple was made using speci-
mens 180-185nm thick with two different tellurium
concentrations: 68.5% (NiTe) and 81.3% (NiTe,). The
specimens were analysed by XRD. The results are
presented in Table XXXIX. The NiTe, compound
(ASTM 8-4) appears after about 10d in the specimen
containing 81.3% Te. At the same time, only a trace of
this compound is observed in the specimen with
68.5% Te, while its formation is completed after 35d.
The situation remains unchanged during 7 mon.

2.1.33. Pb-Pd

The first results concerning the room-temperature
compound formation in the Pb--Pd couple (phase dia-
gram [4, 53] ) were reported by Tu and Rosenberg [8].
It is shown in the table presenting the authors’ results
that PdPb, is formed, with a note that the compound
is formed because it contains the highest lead concen-
tration. The specimens were studied using XRD over
2-3wks. A detailed analysis of the couple was made by
Simic and Marinkovi¢ [46] using specimens
195-520nm thick with four different palladium con-
centrations: 20.5% (PdPb,), 39.9% (~ PdPb), 44.0%
(Pd;Pb,) and 53.4% (~ Pd;Pb). The results are pre-
sented in Table XL. It can be seen that only PdPb,
(ASTM 8-365) is formed and without any further
transformations during ageing. Depending on the
constituent concentrations, in addition to the com-
pound, lead and/or palladium are present too.

TABLE XL Structural transformations in the Pb—Pd couple dur-
ing ageing

Time after Pd concentration (wt%)
evaporation

20.5 39.9 44.0 53.4
1h Pd Pd Pd Pd

Pb Pb Pb Pb

PdPb, PdPb, PdPb,
2.5-5h Pd Pd

Pb PdPb,
PdPb,
44 Pd
PdPb,

26d Pd Pd Pd Pd

Pb Pb

PdPb, PdPb, PdPb, PdPb,
43 d, Pd Pd Pd
80d Pb Pb

PdPb, PdPb, PdPb, PdPb,
52 mon Pb Pb Pd Pd

PbCO, PbCO; PbCO; PbCO;

Pb (X)* Pb (X) Pb (X) Pb (X)

* Unidentified compound.

2.1.34. Pb-Pt

The first results relative to the room-temperature
compound formation in the Pb—Pt couple (phase dia-
gram [4, 53]) were also presented in the paper by Tu
and Rosenberg [8]. It is mentioned in the table pre-
senting their results that PtPb, is formed. Specimens



TABLE XLI Structural transformations in the Pb—Te couple during ageing. X = unidentified phase

Time after Te concentration (wt%)
evaporation
(d) specimen thickness (nm)
0 15 34 38 46 599 100
120 100 129 200 120 180 120
1 Pb Pb Pb Pb Pb Pb
Te Te Te Te Te Te
PbTe PbTe PbTe
8 Pb Pb Pb Pb Pb
Te Te Te Te Te
PbTe PbTe PbTe PbTe PbTe
X X
15 Pb Pb Pb Pb Pb
Te Te Te Te Te
PbTe PbTe PbTe PbTe PbTe
X X X
30 Pb Pb
Te
PbTe PbTe
X X
60 Pb Pb
Te Te
PbTe PbTe PbTe
X X
120 Pb
Te
PbTe
730 Pb
Te Te Te Te
PbTe PbTe PbTe PbTe
X X
PbCO; PbCO;, PbCO; PbCO;,

containing 500nm Pt and 300 nm Pb were used and
the compound formation was followed over 2-3 wks.

2.1.35. Pb-Te
The first results concerning the room-temperature
compound formation in the Pb—Te couple (phase dia-
gram [4,53]) were given by Marinkovi¢c and Simic
[49]. A detailed study of the couple was made using
specimens 100-200nm thick with five different tellu-
rium concentrations: 15%, 34%, 38% (PbTe), 46%
and 59.9%. The specimens were analysed using XRD.
Table XLI contains the results. It can be seen that
the evaporated tellurium layer is not changed, even
after 2y. The evaporated lead layer is progressively
transformed to PbCOs, so that after 2y the specimen
contains only this compound. In all the Pb—Te speci-
mens, the PbTe compound (ASTM §-28) is formed
after 1wk. An unidentified phase, denoted X in the
table, is formed immediately afterwards. This phase
appears first in the specimens containing higher tellu-
rium concentration. The intensity of the phase X re-
flection increases as the lead reflection intensities de-
crease. Phase X is not formed by the action of the
atmospheric gases on lead or tellurium. It is probably
a complex compound formed by a simultaneous ac-
tion of the atmospheric gases on lead and tellurium.
The sequence of the transformations caused by the
atmospheric gases is as follows. Lead is transformed
first to PbCO;. Then phase X is progressively trans-

formed to PbCO,. It can be supposed that, given
sufficient time, the specimens will contain only
PbCO; + Te. A similar transformation takes place in
the thin-film Au-Pb specimens, in which AuPb, is
formed first. After 3.5y the specimens contain only
PbCO; + Au [49].

2.1.36. Pd-Sb

A detailed study of the couple was made using speci-
mens 317 nm thick, with two different antimony con-
centrations: 40.0% Sb (y phase) and 54.0% Sb (PdSb)
[46]. The specimens were analysed using XRD. Dur-
ing the first month, no compound was observed. The
completely finished reaction with the PdSb compound
formed (ASTM 26-0888) was observed after a long
ageing time.

2.1.37. Pd-5n
The first results pertaining to the room-temperature
compound formation in the Pd—Sn couple (phase dia-
gram [4,45]) were due to Tu and Rosenberg [8]. The
table containing the authors’ resuits contains PdSn,,
with a statement that the compound is formed because
it contains the highest tin concentration. The speci-
mens containing 500 nm Pd and 300nm Sn were fol-
lowed by XRD for 2-3 wks.

A detailed study of the couple was made in the
paper by Simi¢ and Marinkovi¢ [46], using specimens
170-800 nm thick with four different concentrations:
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TABLE XLII Structural transformations in the Pd—Sn couple
during ageing

Time after Sn concentration (wt %)
evaporation
(d) 27.0 420 76.0 81.7
1 Pd Pd Pd Pd
Sn Sn Sn Sn
PbSn,* PdSn,*
3 Pd
Sn
PdSn,*
6 Pd Pd Pd- Pd
Sn Sn Sn Sn
PdSn, PdSn, PdSn, PdSn,
13 Pd Pd Pd Pd
Sn Sn Sn Sn
PdSn, PdSn, PdSn, PdSn,
PdSn;*
48, Pd Pd Pd Pd
71 Sn Sn Sn Sn
PdSn, PdSn, PdSn, PdSn,
PdSn;
83 Pd Pd Pd Pd
Sn Sn Sn Sn
PdSn, PdSn, PdSn, PdSny
PdSn; PdSn;*
99 Pd Pd
Sn Sn
PdSn, PdSn,
PdSn;, PdSn,
52 mon Pd Pd Pd
Sn Sn Sn
PdSn, PdSn, PdSn,
PdSn; PdSn; PdSn;
*Trace.

27.0% (Pd;Sn), 42.0% (Pd;Sn,), 76.0% (PdSn;) and
81.7% (PdSny). The specimens were analysed by XRD.

The results are presented in Table XLII which
shows the following. In the specimens containing
more than 50.0% Sn, traces of PdSn, (ASTM 36-137)
are observed already during the first day.

Compound formation takes place several days later
in the specimens containing less than 50.0% Sn. After
1 wk, all the specimens contain PdSny,. In the speci-
mens with less than 50.0% Sn the situation remains
virtually unchanged for three months, only the PdSn,
concentration is somewhat higher. In the specimen
with 76.0% Sn, a trace of PdSn; (ASTM 15-575) is
observed after 2 wks, and after 1.5mon all the com-
pound reflections are present. Its concentration in-
creases over the following 2 mon. In this specimen, the
constituents are in the stoichiometric ratio of PdSn;.
It can be seen from the XRD diagrams that the tin
reflection intensities continually decrease and after
3mon the intensity of the PdSn, decreases too. The
PdSn; compound was formed from PdSn, according
to the reaction.

3PdSn, + Pd = 4 PdSn, (22)

In the specimen containing 81.7% Sn, the same pro-
cess takes place, but considerably more slowly. The
reason is that in this compound the constituents are in
the stoichiometric ratio corresponding to PdSny.
Over 4y the reaction has continued without essential
changes.
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Tu and Rosenberg [8] did not observe the trans-
formation of PdSn, to PdSn; because they followed
the process for too short a time and they had a con-
siderably thicker specimen (i.e. a slower process).

TABLE XLIII Structural transformations in the Pd-Te couple
during ageing

Time after Te concentration (wt %)
evaporation
(d) 38.1 55.0 70.5
Id Pd Pd
Te Te
2d Pd
Te
PdTe,
5d Pd
Te
PdTe,
12,30, 51, Pd Pd Pd
67d Te Te Te
PdTe, PdTe, PdTe,
51 mon Pd Pd Pd
Te Te
PdTe, PdTe, PdTe,

TABLE XLIV Compounds formed at room temperature in thin-
film metal couples evaporated in vacuum

No  Metal Compounds formed
couple

1 Ag-Cd AgCd AgsCdg AgCd,

2 Ag-Ga Ag;Ga

3 Ag-In Ag,In LTAgin,

4 Ag-Sn AgiSn

S Ag-Te Ag,Te AgsTe,

6 Ag-Zn AgZn AgsZnyg AgZn,

7 Al-Au Au,Al AuAl,

8 Au-Cd AuCd AuCd,

9 Au-Ga Au,Ga, Au,Ga AuGa AuGa,
10 Au-In Auyln Au-ln, Auln Auln,
11 Au-Pb Au,Pb AuPb, AuPb,
i2 Au-Sb AuSb,

13 Au Sn AusSn AuSn AuSn,  AuSn,
14 Au-Te AuTe,
15 Au-Zn Au,;Zn AuZn AuZn;
16 Bi-Pd PdBi,
17 Cd—Cu Cu,Cd; CuCd,4
18 Cd-Te CdTe
19 Cu--Ga CuGa
20 Cu-In Culn
21 Cu-Sb Cu,Sb
22 Cu-Sn CugSns
23 Cu--Te Cu;Te Cu,Tes CuTe
24 Cu-Zn CuZny
25 Ga-Mg Mg,Ga Mg,Gas
26 Ga—Ni NiGa,
27 Ga-Pd PdGas
28 Ga-Sb GaSb
29 [n—Ni LTNi,In, Nioln,~
30 In- Pd Pdin;,
31 Ni-Sn NiSn or
Ni;Sn,
32 Ni-Te NiTe,
33 Pb-Pd PdPb,
34 Pb-Pt PtPb,
35 Pb-Te PbTe
36 Pd-Sb PdSb*
37 Pd-Sn PdSn; PdSn,
38 Pd-Te PdTe,
39 Pt-Sn PtSn,

*In the Pd-Sb couple, PdSb compound was noticed after 4y.



2.1.38. Pd-Te

The first results relative to the room-temperature com-
pound formation in the Pd—Te couple (phase diagram
[4,45]) were presented by Simi¢ and Marinkovic¢ [46].
A detailed study of the couple was made using speci-
mens 185-580nm thick with three different tellurium
concentrations: 38.1%, (earlier Pd,Te), 55.0% (PdTe)
and 70.5% (PdTe,). The specimens were analysed using
XRD. The results are presented in Table XLIII.

It can be seen that only one compound, PdTe,
(ASTM 29-0970) is formed, irrespective of the con-
stituent concentrations. The maximal "concentration
of PdTe, is in the specimens with maximal concentra-
tion of tellurium.

2.1.39. Pt-Sn

The first results regarding the room-temperature com-
pound formation in the Pt-Sn couple (phase diagram
[4,53]) were given by Tu and Rosenberg [§]. In the
table presenting the authors’ results it is only noted

that PtSn, is formed. The specimens contained 500 nm
Pt and 300nm Sn and the compound formation was
followed for 2—3 wks.

2.2. Formation of compounds on the
contact of the bulk metal with
evaporated thin metal film

The first results concerning compound formation on

the contact of a bulk metal and a thin-film evaporated

on to it at room temperature were published in 1983

[60]. Bulk noble metals (silver, aluminium, gold and

copper) with high crystal symmetry (cubic), distinct

metallic character and relatively high melting points,
were used. Another group of bulk metals consisted of
low melting point metals (indium, lead, tin and gal-
lium) having crystal symmetry mostly lower than
cubic. Silver, aluminium, gold, cadmium, copper,
gallium, indium, lead, tin, antimony, tellurium and
zinc were used for evaporation. Only the couples
known to form compounds at room temperature

TABLE XLV Compounds formed at bulk metal-evaporated thin metal film interface

Metal State after Metal State after
Bulk Film 1-3mon 5-8y 13y Bulk Film 1-3mon 58y 13y
f61] [613 [621 [61] (611 [621
Ag Ga Ag,Ga Ag;Ga Ag,Ga Ga Ag Ag;Ga
Ag In Ag;In cD? CD* In Ag LTAgIn, LTAgIn,
Ag Sn Ag;Sn AgsiSn CcDh? Sn Ag AgiSn AgiSn Ag;Sn
Ag Te Ag,Te Ag,Te Ag,Te Te Ag AgsTes AgsTe;
[62]
Ag Zn AgZn; AgsZng AgsZng Zn Ag® AgZn, AgZn,
[62]
AgsZng AgZn AgsZng AgsZng
AgZn AgZn
Au Al 0 0 ¢ Al Au 0 0 0
Au Cd AuCd; AuCd; ¢ Cd Au AuCd; AuCd,
AuCd AuCd
Au Ga AuGa, AuGa ¢ Ga Au AuGa,
AuGa Au,Ga
Au,Ga Au-,Ga,
Au in Auln, ¢ In Au Auln, Auln, Auln,
[62]
Auln
Au Pb AuPb; d d Pb Au AuPb; d d
[62] [62]
AuPb,
Au Sb AuSb, AuSb, ¢ Sb Au 0 0 [62]
Au Sn AuSn AuSn ¢ Sn Au AuSn, AuSn, AuSny
AuSn, AuSn, AuSn,
AuSn AuSn AuSn
Au Zn AuZn, AuZn, AuZn; Zn Au Q 0 0
AuZn AuZn AuZn
Cu Cd Cu,Cd; CuyCd, Cuy,Cdsy Cd Cu 0 Cu,Cd; Cu,Cd;,
Cu Ga CuGa CDh* CcDh* Ga Cu CuGa
Cu In Culn Culn Culn In Cu Culn Culn Culn
Cu Sb 0 0 0 Sb Cu 0 0
Cu Sn CugSn; CuySns CueSns Sn Cu CugSns CueSns CugSns
Cu Te 0 0 0 Te Cu Cu,Tes CuTe
CuTe [62]
Cu Zn CuZny Zn Cu 0 0 0
Pb Te PhTe d d Te Pb 0 [62] 0 [62] 0

*CD, compound disappears.
"t is incorrectly noted in [56] that compounds did not form.

¢ Specimens destroyed - gold plates were used for some other purposes.

4 Oxidation of lead and lead compounds.
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(Table XLIV) were prepared and analysed. The total
number of the prepared, measured and analysed
couples amounts to 31.

The following conclusions have been derived from
the results presented. The compounds were formed in
27 out of 31 couples, showing that the compound
formation in the bulk-film specimens takes place for
almost all the couples in which the compounds are
formed in the film—film specimens.

This conclusion was stimulating, so that research
was continued. New bulk materials (cadmium, anti-
mony, tellurium and zinc), having lower crystal sym-
metry and usually lower melting points, were used
[61]. In this way, ten new couples (designated in
Table 1 in [61], “*7), were obtained, making a total
number of 41 (32 with and 9 without compounds
formed) measured couples. In addition, changes oc-
curring 1n these couples during ageing were studied.
Thus, results are obtained for 42 fresh specimens, 37
specimens 5-8y old, and for 25 specimens 13y old
(Table XLV).

The results obtained in this way (104 measurements)
present a sufficient statistics for analysis and con-
clusions.

2.2.1. Number of compounds formed

In general, the number of the compounds formed in
the bulk—film specimens is smaller than the corres-
ponding number for the film-film ones. Thus, four
compounds are formed in the Au-Sn film—film speci-
men, but there is only one compound in the Au
bulk—Sn film. Similarly, four compounds are formed
in the Au~Ga film—film specimen, there are three com-
pounds in the Au bulk—Ga film, and only one in the
Ga bulk—Au film specimen. There are two compounds
in the Ag—In film—film specimen: Ag,In and LTAgIn,.
However, only Ag,In is formed in the Ag bulk—In film
specimen, while in the In bulk—-Ag film, the only com-
pound formed is LTAgIn,.

The offered explanation is as follows. The constitu-
ent concentrations in thin-film specimens can be
changed voluntarily, and in this way all the com-
pounds which form at room temperature can be pro-
duced. If one of the constituents is in bulk form, the
compounds formed are mostly those with a predomi-
nant concentration of bulk metal. In the In bulk—-Ag

film such a compound is Agln,, and in the Ag bulk—In
film it 1s Ag,In. The same reasoning is valid for the
Ag-Te couple, which produces two compounds if in
thin-film form: Ag,Te and AgsTes. If, in a thin-film
specimen, only one compound is formed, the same
compound is formed in the corresponding bulk—film
specimen (Ag—Ga, Ag-Sn, Cu- -Ga, Cu-In, etc.).

In the bulk—film type couples (Table X1.V), 20 com-
pounds are formed when the low-melting metal is in
the bulk form and 24 compounds when the high-
melting metal is in the bulk form, which is approxim-
ately the same. In the same couples of the film—film
type, 42 compounds are formed (Table XLIV).

2.2.2. Rate of reaction

The reaction rates may greatly differ in the bulk—film
specimens. In general, they are smaller than in the
corresponding film—film specimens. 1t has been ob-
served that they may depend on the manner in which
the bulk metal is treated prior to evaporation of the
film.

Table XLVI presents, for three couples with differ-
ent reaction rates, comparative data on the time when
the compound formation was first observed and on
the time when the reaction was completed. In the most
rapid processes, all the reactions are completed during
the first day. In the medium-rate processes, the reac-
tions are completed after some months, and the
slowest processes are completed after several years, or
are not completed within the investigated period.

It can be seen that the reaction is faster and
a greater number of compounds is produced if the
low-melting metal is present as a film. It can also be
seen that the bulk metal surface treatment influences
the reaction. Thus, cadmium, lead and zinc react with
a gold film only if their surface is etched in suitable
reactants, while gallium and indium also react if their
surface 1s washed in alcohol.

2.2.3. Transformation of compounds

In the bulk-film specimens, the same compounds are
formed as in the corresponding film—film ones, but the
reaction rate is lower. For example, the reaction

Auln, + Au = 2Auln (23)

TABLE XLVI Comparative data on reaction rates in bulk—film and film-film specimens*

Metal couple Specimen type

Compound is Process is completed

observed
Ag-Ga Ag film-Ga film (24% or 49% Ga) 1st day 1st day
Ag bulk—Ga film Ist day Ist day
Ga bulk-Ag film Ist day 2nd day
Cu-Sn Cu film-Sn film (20% or 85% Sn) 2nd day 5th day
Cu bulk (treated mechanically) Sn film 9th day Not completed after 3 mon
Cu bulk (untreated}-Sn film 14th day Not completed after S mon
Sn bulk (etched)-Cu film 30th day After several years
Au-Al Au film-Al film 5th day Between 1 and 3 y
Au bulk-Al film No compound formation after 6.5 y
Al bulk—Au film No compound formation after 6.5 y

*Table completed from [60].
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takes 4 mon in the bulk—film specimen, and about
1 mon in the film—film one. '

The transformation process (for which the Au-Ga
couple 1s taken as an example) is the following. The
AuGa, is formed first, then it transforms to another
(second) compound containing more gold. Then the
second compound is transformed into the third, etc.

AuGa, + Au = 2AuGa (24)

then
AuGa + Au = Au,Ga, (25)

and
Au,Ga + AuGa + 4Au = Au,Ga, (26)

Another interesting example is the Ag-Zn couple.
In this case the process is as follows. The AgZny 1s
formed first and it is then transformed

8AgZn; + TAg = 3AgsZng (27)
and then :
AgsZng + 3Ag = 8AgZn (28)

The transformations start already during the vacuum
evaporation. In the course of time in both the couples
analysed (and in Te bulk—Cu film couple), the com-
pounds with more metal, which is in the bulk, are
formed.

The times at which the compounds were first observed
in the bulk gold-metal film and bulk metal-gold film
specimens, as examples, are presented elsewhere [29].

2.3. Formation of compounds on contact
of metal film or bulk with sputtered
thin metal film

This section presents the results of investigations of

compounds that are formed when on a fresh metal

film or bulk metal another film is deposited using
radio frequency (r.f.) sputtering. The results presented
here are taken from both published and unpublished
[62] papers by Simi¢ and Marinkovic.

The results are presented in a concise manner in
three tables, each table being followed by necessary
comments and explanations in text. The tables contain
results obtained with both film—film,; and bulk-film,
specimens. Also, in addition to the results obtained
immediately after the r.f. film formation, those ob-
tained after 5 and 11y ageing (Tables XLVII and
XLVIII) and 8 or 10y (Table XLIX) were presented.

In certain cases, the specimens of the film—film, ¢ type
were not prepared. Namely, if well-defined compounds
had been formed in the film-film specimens obtained
by evaporation, attention was directed primarily to
bulk—film,; specimens. However, if the evaporated
film—film specimens had not been prepared, or when in
such specimens no compound was formed, attention
was directed more to the film—film,; specimens. Only
in some cases were bulk—film, ¢ specimens also studied
in order to see if compound formation would occur.

It should be mentioned that the essential phe-
nomena occurring in the metal couples, as well as the
existing regularities, are most clearly found by long

imens. The phenomena observed in thin-film speci-
mens in which the second film has been obtained by
sputtering, contribute only to complete and/or to ex-
tend the already gathered knowledge.

2.3.1. Me-Ag,r Me-AlAg.: and Me-AuAg,
couples
The results are presented in Table XLVII.
In the Al-Ag,; couple, no compound was formed
both in the film-film,; and bulk-film,; specimens.*

TABLE XLVII Formation of compounds in couples containing top sputtered Ag, Al or Au film

Couple  Film-film,;, [62,63] Bulk-film, ;.
Bottom Top Compound identified after Bottom Top Compound identified after
«
1-5d Sy 11y 1-5d Sy Iy

[61] [61] [62]

Ag-Al Al Ag 0 0 0 Al Ag 0 0 0

Ag-In In Ag LTAglIn, LTAgln, LTAgln,

Ag-Sb  Sb Ag Ag;Sb Ag;Sb AgsSb* Sb Ag Ag;Sb AgsSb Ag;Sb*

Ag-Sn Sn Ag AgsSn AgsSn Ag,Sb* Sn Ag AgsiSn

Ag-Te Te Ag AgsTe, AgsTe, AgsTe;

Al-Au Au Al 0 0 0

Al-Sb Sb Al AISb® AISb? AlSb? Sb Al AISb®

Au-Al Al Au Au,Al Au,Al Au,Al
AuAl, AuAl, AuAl,

Au-Cd Cd Au AuCd; AuCd; AuCd,
AuCd AuCd AuCd

Au-In In Au Auln, Auln, Auln,

Au-Sb Sb Au AuSb,

Au-Zn Zn Au AuZn, AuZn;, AuZn,

“After 8.5 y.

* Trace.

* When first mentioned, couples which in evaporated thin film specimens do not form compounds are printed in italics, and those in which

compounds are formed, are printed in bold
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TABLE XLVIII Formation of compounds in couples containing top-sputtered copper film

Couple  Film-film, Bulk fiim, ;.
Bottom Top Compound identified after Bottom Top Compound identified after
1-5d Sy Iy 1-5d Sy Ity
[48, 63] [48, 63] [62] [61] [61] [62]
Cu-Al Al Cu 0 0 0 Al Cu 0 0 0
Cu-Au  Au Cu 0 0 0 Au Cu 0 0 0
Cu-Cd Cd Cu Cu,Cd; Cu,Cd, Cu,Cd; Cd Cu Cu,Cd; Cu,Cd, Cu,Cd;
Cu-Ga Ga Cu CuGa CuGa CuGa
CuyGay CueGay CuoGay
Cu-Ge Ge Cu Cu;Ge Cu;Ge Cu;Ge Ge Cu Cu;Ge Cu;Ge Cu;Ge
CusGe CusGe Cu;sGe CusGe CusGe CusGe
Cu-In In Cu Culn Culn Culn
Cuyln
Cu-Sb Sb Cu Cu,Sb Cu,Sb Cu,Sb Sb Cu Cu,Sb
Cu;Sb*
Cu-Sn Sn Cu CugSns Cu,Sns CueSns Sn Cu CugSns CueSns CueSns
Cu;Sn Cu;Sn Cu;Sn Cu;Sn? Cu;Sn® Cu;Sn®
Cu-Te Te Cu Cu,Tes
Cu-Zn Zn Cu CusZng CusZng CusZng Zn Cu CuZn, CuZng CuZn,
CuZny CuZny CuZn,
*Trace.

TABLE XLIX Formation of compounds in couples containing top-sputtered chromium and titanium film

Couple Film—film_, Bulk-film,_
Bottom Top Compound identified after Bottom Top Compounded identified after
1-5d 8y (Me—Cr) t-5d 8y (Me—Cr)
10 y (Me-Ti) [66, 69] 10 y (Me-Ti)
[66, 69] [62] [62]
Cr-Al Al Cr 0 0
Cr—Ga Ga Cr CrGa, CrGa,
Cr-In In Cr 0 0 In Cr 0 0
Cr-Sb Sb Cr 0 0
Cr-Sn Sn Cr Cr,Sn, Cr,Sn, Sn Cr 0 0
Cr-Te Te Cr 0 0 Te Cr 0 0
Cr-Zn Zn Cr 0 0 Zn Zr 0 0
Ti-Al Al Ti 0 0
Ti-Au Au Ti 0 0
Ti-Bi Bi Ti LT(Bi-Ti) Compound
disappeared
Ti-Cd Cd Ti CdTi @ Cd Ti CdTi #
CdTi, CdTi,
Ti-Cu Cu Ti 0 0
Ti~-Ga Ga Ti o-Ti,Ga o-Ti,Ga
Ti-Ge Ge Ti 0 0
Ti-In In Ti Ti,In, Ti,In, In Ti Ti,In, Ti,In,
Ti-Mn Mn Ti 0 0
Ti-Pb Pb Ti LT(Pb-Ti) LT(Pb-Ti)"®
Ti-Sn Sn Ti o-Ti Sn, o-Ti,Sn, Sn Ti a-Ti Sn, o-Ti Sn,
Ti-Te Te Ti TiTe, TiTe,
Ti-Zn Zn Ti 0 0 Zn Ti 0 0

*In these specimens, the situation remained unchanged after 3.5 y. After 10 y compound formed and Cd-film disappeared under the influence

of the atmosphere.
compound stable but PbCO, and Pb(X) are also present.

The LTAgln, compound was formed in the In
bulk-Ag, ¢ specimen, which could be expected because
indium was in excess.

The Sh-Ag couple (phase diagram {4, 53]) was inves-
tigated in the form of a film—film, ; specimen, in which
the Ags;Sb (ASTM 10-452) compound formation was
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found to take place [62]. The experiments with the
bulk—film, ; specimens led also to Ag,Sb compound
formation [61].

The compounds expected from the study with corres-
ponding evaporated specimens [6] were formed in the
Sn-Ag,; and Te-Ag,; specimens. For the compound



formed in the Te bulk-Ag,, [63], the same comment is
valid as for the In bulk—Ag,; specimen.

The AISb (ASTM 6-0233) compound was formed in
the Sh-Al couple (phase diagram [4]), in both
film-film, ; and bulk—film, ; specimens. It is interesting
that in both specimen types, weak compound reflec-
tions are obtained, i.e. trace amounts.

In the Me-Au system, compounds were formed in all
the vacuum-evaporated thin-film specimens, as pre-
sented in Section 2.1. Attention was therefore directed
to a study of the couples in the metal bulk—Au,, form.
In general, the expected results were obtained.

The table also shows that the 5 and 11y ageing did
not lead to any essential change.

In the couples in which the upper layer is obtained by
r.f. sputtering, the reaction is usually completed when
the sputtering is ended, but some exceptions exist. The
reaction continues during ageing in the specimens: In
bulk—Ag, Te bulk-Ag, Zn bulk-Au and In bulk-Cu.

It can be concluded that the compounds formed in
the Me-Ag,;, Me-Al.; and Me-Au,; couples are
stable during ageing.

2.3.2. Me-Cu.r couples
The results are presented in Table XLVIIL

In both the film—film,; and bulk—film.; Al-Cu and
Au—Cu couples, no compound is formed when the
upper (copper) film is deposited by r.f. sputtering,

In the Cd--Cu couple, Cu,Cdj s formed, irrespective
of the specimen type.

In the Ga—-Cu couple, CuyGa, (ASTM 2-1250) is
formed in addition to CuGa. When the sputtering time
is shorter, the specimen contains less copper and CuGa
is formed. If the sputtering time is longer, the copper
concentration is higher and therefore CuyGay 1s formed
in addition to CuGa. It is interesting that the first-
formed compound does not create a barrier to the
second compound (CuyCay) formation.

In the Ge—Cu couple (phasc diagram [4]), specimens
of the film-film,; and bulk—film,; types have been
prepared and measured [48]. It has been found that the
Cu;Ge compound (ASTM 6-0693) is formed when the
copper concentration is lower. When more copper was
deposited, in addition to Cu;Ge, the specimen con-
tained a compound which did not correspond to CuGe
(ASTM 36-1134). Because the compound contains
more copper, the authors have concluded that it is
CusGe, which 1s also mentioned by Hansen [53].

In the In-Cu couple, it was easy to prepare the
evaporated specimens and therefore no In film—Cu,,
specimen was prepared. In the In bulk—Cu, ¢ type spec-
mmens, the compound formation depended on the
amount of sputtered copper. Culn was formed with less
copper, and Cugyln with more copper [48].

In the Sb—Cu couple, Cu,Sb was formed irrespective
of the form of antimony (film or bulk). However, in the
bulk—film specimen only a Cu;Sb trace was formed.
Cu;Sb was formed at 200-300°C in thin-film speci-
mens [64].

In the Sn—Cu couple, two compounds were formed
in both film-film,; and bulk-film,; type specimens:
CueSns and Cu,Sn [48]. Because of a small amount of

the sputtered copper, the CusSn formed in the
bulk—film, ; specimens gives low X-ray reflection inten-
sity. In evaporated thin-film specimens, Cu;Sn was
formed at 90 °C [65] or at 60 °C [62].

In the Zn-Cu couple, CuZn, is formed in the
film—film,;, type specimen [48]. If the copper concen-
tration is sufficient (longer sputtering), CusZng appears
in addition to CuZn,. It is formed by the transforma-
tion

ZCUZH4 + 3Cu = CUszng (29)

In the Zn bulk—Cu, ;. specimen, only CuZn, is formed.
In this specimen, zinc is always present in excess, and
the mentioned transformation cannot occur.

The table also shows that no substantial change
occurred in the specimens during 11y ageing. The
only exception is the In bulk—Cu, ;. specimen in which,
during ageing, Cuyln was transformed to Culn. This is
a consequence of the fact that indium is in excess in the
specimen.

It follows that the compounds formed in the
Me—Cu, ;. couples are stable during ageing.

2.3.3. Me-Cr,; and Me-Ti.; couples

A detailed study of the Ga—Cr couple (phase diagram
[4]) was made using ten specimens with different con-
centrations [66]. The obtained results show that only
one compound is formed, the XRD powder results of
which, presented in Table L, differ from all the avail-
able ASTM standards for Ga—Cr.

The obtained results are presented in Table XLIX.
The first part of the table shows the resuits obtained
from a study of the spectmens in the Me—Cr, ;. system.
In five out of seven investigated couples, no com-
pound is formed.

Analysis of the phase diagram [4], Walser-Bené’s
rule [67] and the authors’ own results [66], allowed
them to conclude that the compound formed is
CrGay. For the reasons mentioned at the beginning of
this section, the specimens with gallium bulk were not
investigated.

A detailed study of the Sn -Cr couple (phase dia-
gram [687) was made using five specimens with differ-
ent tin concentrations [66]. Only Cr,Sn; compound
(ASTM 19-333) was found. In the specimens obtained
by r.f. sputtering of chromium on tin bulk, no com-
pound was found [62].

In the lower part of Table XLIX, the results ob-
tained by studying the couples in the Me-Ti,; are
presented. The results are from a paper by Simi¢ and
Marinkovi¢ [69] and an additional study by the same
authors [62]. In 6 out of 13 couples studied, no com-
pound was formed. In the couples of Ti, ¢ with Al, Au,
Cu, Ge and Mn this could be expected, because of the
analogy with the film-film specimens prepared by
vacuum evaporation (film—film.). Namely, all the
metals mentioned have high melting temperatures
(660-1244°C). The Zn -Ti, ;. couple is a different case.
Zinc has a low melting point (419.5°C). In addition,
according to the phase diagram [70], there are many
compounds in the Ti-Zn couple which exist down to
the room temperature. It was found, however, that
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TABLE L X-ray powder results of the compound formed in thin-film Ga-Cr specimens

d (nm) 11, d {nm) /1y d (nm) N d (nm) i
0.4622 11 0.2557 17 0.2113 32 0.1331 9
0.4287 10 0.2293 69 0.2072 16 0.1328 9
0.3955 20 0.2265 45 0.1983 76 0.1290 6
0.2906 8 0.2214 11 0.1622 15 0.1258 11
0.2814 100 0.2192 43 0.1503 8 0.1173 17
0.2683 7 0.2147 18 0.1410 12 0.1171 13
TABLE LI X-ray powder results of the compound formed in thin-film Bi Ti specimens [62]

d (nm) 1/, d (nm) 1/, d (nm) 1, d (nm) I/,
0.4860 13 0.2578 7 0.1737 5 0.1613 6
0.3080 38 0.2515 13 0.1701 6 0.1593 8
0.2918 100 0.2435 46 0.1695 10 0.1563 8
0.2764 84 0.1989 12 0.1672 13 0.1519 5
0.2750 59 0.1771 4 0.1653 13 0.1388 7
0.2690 33 0.1749 9 0.1623 11 0.1337 8

only on annealing the specimen at > 100°C did some
unidentified phase appear.

A detailed study of the Bi-Ti couple (phase diagram
[70]) was made using eight specimens with different
bismuth content [69]. The results obtained show that
in all the specimens, the same compound is formed.
The XRD powder results presented in Table LI, do
not correspond to the results in the available ASTM
standard, so that the compound could not be identi-
fied. The authors have supposed that the compound
formed is a low-temperature phase of one of the
known compounds, (Ti-Bi) LT.

The compound formed is unstable. In the specimen
containing lower compound content (shorter time of
titanium evaporation), the compound disappears after
several months. When the titanium content was con-
siderably higher, more than 2.5 y elapsed before the
compound disappeared.

The Cd-Ti couple (phase diagram [70, 71]) was the
subject of a detailed study, using four specimens with
different cadmium concentrations [69]. A new phase
was found. It was distinctly oriented and only one or
two distinct maxima appeared in the XRD diagram.
The precise diffractometric measurements provided
the results presented in Table LII. Two investigated
Cd bulk-Ti, ; specimens gave similar results.

TABLE LII The data for identification of the compounds in the
thin-film Cd- Ti, ;. couple (Cd thickness 1 pm) [62]

Sputtering Obtained Identified
time of Ti X-ray compounds?®
(min) maxima,
d (nm)
2 0.2480 CdTi
4 0.2467 CdTi
6 0.2465 CdTi
0.2446 CdTi,
8 0.2455 CdTi
0.2443 CdTi,

2 CdTi (ASTM 15-349); CdTi, (ASTM 15-351).

The Ga-Ti couple (phase diagram [70]) was the
subject of a detailed study in which 20 specimens with
different gallium content were used [69]. Only one
compound was found, the XRD results of which are
presented in Table LIII. They do not correspond to
any of the available ASTM standards for the Ga-Ti
system and therefore could not be identified.

In order to identify the compound, the specimens
were subjected to a vacuum annealing at 55--120°C.
It was found that after annealing at 120°C, the

TABLE LIIT X-ray powder results of the compound formed in thin Ga-Ti specimens [62]

d (nm) I/, d (nm) 1o d (nm) 1/ d (nm) i,
0.4820 15 0.2132 100 0.1443 4 0.1122 2
0.3290 40 0.1880 26 0.1417 3 0.0941 2
0.2788 15 0.1824 4 0.1395 14 0.0909 2
0.2417 5 0.1791 2 0.1285 2 0.0806 2
0.2373 5 0.1749 2 0.1274 3 0.0775 2
0.2333 63 0.1692 3 0.1198 2

0.2287 3 0.1645 2 0.1186 8

0.2249 5 0.1610 2 0.1167 4
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compound disappeared; it was transformed to Ti;Ga.
The conclusion derived by the authors was that the
compound formed in the GaTi,; couple is the low-
temperature phase of the Ti;Ga compound, ie. o-
Ti;Ga. The transformation temperature is about
120°C.

A detailed study of the In--Ti couple (phase dia-
gram [70]) was made using six specimens with differ-
ent indium contents [69]. The investigation has shown
that some compound is formed, identified to be Tizln,
(ASTM 18-625).

A study in which four specimens with indium bulk
were used gave identical results.

The Pb-Ti couple (phase diagram [70]) was the
subject of a detailed study in which 17 specimens with
different lead concentrations were used [69]. Only one
compound was found, but it could not be identified on
the basis of the available ASTM standards.

Because Pb,Ti and Pb,Ti are obviously high-tem-
perature phases, the authors have supposed that the
compound in question is probably a low-temperature
phase of one of these two compounds.

A detailed study of the Sn—Ti couple (phase diagram
[70]) was made using seven specimens of the
film—film, ; type with different concentrations, and 11
specimens of the bulk -film, ; type with different con-
centrations [69]. A parallel study of both specimen
types was made. It was found that one compound is
formed. Its powder diffraction results are presented in
Table LIV.

The powder diagram obtained does not correspond
to any of the available ASTM standards. The authors
suppose that the compound in question is probably
a low-temperature phase of some of the known Sn-Ti
compounds, possibly a—TigSns.

The Te-Ti couple (phase diagram [ 70, 72]) was the
subject of a detailed study in which eight specimens
with different tellurium concentrations were used
[69]. It was found that the same compound is formed

in all the cases. The compound was identified as TiTe, -

(ASTM 6-0421).

None of the available phase diagrams for the Te-Ti
system contains a graphical representation from
which it could be possible to see in which temperature
range TiTe, is stable, i.c. what the transformation
temperature of this compound is, to another high-
temperature one. By annealing the specimens in vac-
uum at different temperatures it was found that TiTe,
remained unchanged at 180 °C.

By following the behaviour of the TiTe,; specimens,
it was found that the compound formed is unstable at

room temperature. According to the power diagram of
the specimen with 0.2 pm thick tellurium, it disap-
peared within less than 11 mon, although in the speci-
mens with a tellurium film 1 pm thick, the process of
the disappearance was not completed after 10y and
the compound is still visible. The instability of the
TiTe, compound could possibly be connected with
the observation [72], according to which the Ti-Te
compounds are very reactive and reach equilibrium
with difficulty.

2.4. Formation of compounds on the
contact of semiconducting single-
crystal bulk compound with a thin
metal film

Semiconducting single-crystal bulk compounds are

often used in microelectronics and sensor techniques.

InSb and GaAs are among the most often used, but

GaSe is also used. Such semiconductors or semicon-

ducting sensors are incorporated into electronic cir-

cuits. Contacts made of different metals or alloys are
therefore made on them. Sometimes these contacts
consist of several different metal layers, some of them
being conducting, and others barrier and protective.

Silver, gold, copper, aluminium, titanium and some

other metals and their alloys are often used for such

purpose.

Bearing in mind their application, in the present
text, phenomena occurring at room temperature on
the contact of the mentioned semiconducting com-
pounds with the metal (Me) layers deposited on them,
will be considered. In particular, formation of com-
pounds and their transformation during ageing will be
studied.

2.4.1. InSb—Me contacts

Phenomena in the InSb-Ag, InSb—Au and InSb—Cu
couples, in which compound formation takes place at
room temperature, have been the subject of an experi-
mental study. The InSb-Al and InSb-Ti couples, in
which no compound formation was {found under the
same conditions, have also been studied.

2.4.2. InSb-Ag
Specimens were prepared using thermal evaporation
in vacuum and by r.f. sputtering of silver on a InSb

single-crystal bulk [62]. The results are presented in
Table LV.

TABLE LIV X-ray powder results of the compound formed in thin-film Sn-Ti specimens [62]

d (nm) I/l d (nm) 1/1, d (nm) 1/, d (nm) I/1,
0.3175 24 0.2475 43 0.1797 6 0.1288 8
0.3142 15 0.2433 29 0.1637 8 0.1203 14
0.2940 79 0.2275 30 0.1623 9 0.1198 16
0.2858 63 0.2228 21 0.1608 5 0.1196 9
0.2755 28 0.2207 91 0.1590 10 0.1077 9
0.2684 100 0.1925 5 0.1575 15 0.1067 6
0.2564 15 0.1866 3 0.1539 10

0.2515 85 0.1852 3 0.1429 20
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TABLE LV Conditions under which compound formation takes
place on contact of the InSb single crystal with the deposited silver
film

Deposition Deposited film Compound
method formed
Thickness R.f. power
(nmy) (kW)
Thermal 100 0
evaporation
R.f. sputtering 75 0.6 0
100 1.0 Ag;ln
250 1.0 Ag;in

The table shows that no compound formation takes
place by the evaporation and r.f. sputtering using
lower power. Only by r.f. sputtering using a higher
power for 1-6 min is Ag;In (ASTM 29-0677) formed.

In thin Ag-In couples (see Section 2.1) Ag,In or
LTAgln, are formed at room temperature, depending
on the specimen composition. Owing to an increased
kinetic energy of silver particles by the r.f. sputtering,
the high-temperature Ags;ln phase i1s formed. The
XRD diffractograms of these specimens were again
taken after 5.5-6 y and no substantial change could be
detected.

2.4.3. InSb-Au
Specimens were prepared by vacuum thermal evapor-
ation and by r.f sputtering of gold on InSb single-

crystal bulk [62]. Specimens were also prepared by
first depositing a chromium film on InSb using r.f.
sputtering, and then depositing a gold film by the
same method.

Thicknesses of the evaporated gold films were 50
and 100nm, and the thicknesses of the r.f. sputtered
films were of the same order (the thickest film, pre-
pared with 1.5k W/1 min, was 120 nm). The gold films
with chromium underlayers had thicknesses in the
range 150-600nm. However, r.f. sputtering power is
more important than the film thickness.

The results are presented in Table LVI. The chro-
mium underlayer did not influence the compound
formation and these results are not presented in
Table LVL

In the specimens prepared with an evaporated gold
film, compound could be detected by the X-ray
method used soon after their preparation. The long
ageing led to the formation of both AuSb, and indium
compounds. The very slow process was not completed
even after 6 y. It can be seen that AuSb, is formed in
the specimens obtained with the lowest r.f. power
(0.6kW). This is the compound with the lowest
melting point (460 °C). With higher r.f. power (0.8 kW),
indium compounds are also formed (Auln, m.p.
509.6 °C and Auyln, m.p. 649.25°C). Further increase
in r.f. power (1 kW), leads to their increasing fraction
in the mixture of the compounds formed, while at the
highest power (1.5kW), only indium compounds are
obtained.

TABLE LVI Formation and transformation of compounds on InSb-Au contact

Film R.{. sputtering Compounds formed Remarks
deposition
procedure Time Power 27d After
(kW) after deposition long ageing
Thermal 0 AuSb, Measured after 8y
evaporation Augln
Auln
R.f. sputtering 2x30s 0.6 AuSb, AuSb, Reaction continues
Auyln* during ageing;
Auln® after 5.5 y the
intensity of the
AuSb, reflection
is considerably
higher
1 x 1 min 0.6 AuSb, AuSb, AuSb, reflection
Auyln intensities are considerably
Auln higher than in the
2 x 30 s specimen
2x30s 0.8 AuSb, AuSb, Compound reflection
Auyin Augln intensities in the
Auln Auln 2% 30 s specimen
I x 1 min 0.8 AuSb, AuSb, are lower and

Auyln Augln increase with

Auln Auln time more than
in the 1 x 1 min specimen

I x1 min 1.0 AuSb, AuSb, No change during

Auyln Augln ageing,

Auln Auln Sb and In compounds
present in approximately
equal amounts

I x1 min 1.5 Auyln Augyln No change

Auln Auln during ageing

“Trace.
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In the specimens prepared with lower r.f. sputtering
power, the reaction continues during ageing. In the
specimens prepared with higher r.f. sputtering power
(1.0-1.5k W) the reaction is completed during the sput-
tering. One more characteristic feature has been ob-
served. When gold is sputtered at lower power (0.6 and
0.8 kW) it is significant whether the sputtering is done
continuously or it is interrupted.

The difference is presumably provoked by the kin-
ctic energy of the sputtered particles, and not by
a temperature increase, because the substrate is water-
cooled before and during the 1 min sputtering. De-
pending on the intended use of the specimen, the first
or the second way of sputtering should be used. If the
sputtering is made using higher power (1.0-1.5kW),
the reaction is completed during the sputtering, so
that the mentioned alternative does not exist.

2.4.4. InSb—Cu

The specimens are prepared by thermal evaporation
and by r.f. sputtering of copper film on InSb, bulk
indium and antimony. The obtained results [73] are
presented in Table LVIL

The table shows that there is no compound forma-
tion on InSb if a copper sputtering power of 0.6 kW is
used, while a higher power (0.7-1.0k W) leads to the
formation of Cu,Sb and Culn. During the following
2mon, no change was observed. Examination of the
same specimens after 5.5-6 y [62] showed, however,
that certain changes occur. The Cu,Sb and Culn
compounds were formed in the specimens sputtered
with 0.6 kW power. Thus, the composition of the spec-
imen is equal to the composition of specimens sput-
tered with higher power, but immediately after sput-
tering. In the specimens sputtered using higher power,
no changes were observed after 5.5-6y.

It seems that the reaction process was nevertheless
initiated in the specimen sputtered with 0.6 kW, but it
was insufficient to be observed by XRD, similar to the
thermally evaporated film. The process took place

TABLE LVII Conditions of compound formation during r.f.
sputtering of copper on bulk polycrystal indium or antimony and
bulk single-crystal InSb

Sputtering Cu film Compounds formed on
conditions thickness
(kW/min) {(nm) Polycrystal Single-
_— crystal
In Sb InSb
0.6/1.5 60 Culn 0 0
0.7/1.5 80 Culn 0 Cu,Sb
Culn
0.8/1.5 120 Culn 0 Cu,Sb
Culn
1.0/1.5 160 Cuyln 0 Cu,Sb
Culn
1.0/2.0 200 Cu,Sb* Cu,Sb
Culn
1.0/3.0 320 Cu,Sb* Cu,Sb
Culn

* After 6-35d a trace of Cu;Sb appears [62].

during ageing and the obtained X-ray reflections are
quite distinct, as in the specimens sputtered with high-
er power. In the latter, the process stopped when the
sputtering was interrupted.

Copper thermally evaporated in vacuum on bulk
indium gives Culn, but on bulk antimony or InSb
there is no compound formation.

2.4.5. InSb-Al and InSbTi

Only specimens with r.f. sputtered aluminium films
have been prepared in the InSb—Al couple. The r.f.
sputtering power of 1-2 kW and a sputtering time of
1-6min have produced aluminium films 80-750 nm
thick.

The formation of AlISb could not be definitely pro-
ved, either in as-prepared or in the 6.5y old samples.
A barely visible AlISb was obtained by sputtering alu-
minium on antimony (Table XLVII). No compound
formation was found in either the as-deposited or 5y
old specimens prepared by sputtering titanium on
InSb with 1 kW power for 10 min.

2.4.6. GaAs-Me and GaSe-Me contacts
Phenomena occurring in the GaAs and GaSe single-
crystal bulk with gold, silver and copper films
deposited on them have been studied experimentally
[62]. The metal films have been prepared by vacuum
thermal evaporation and by r.f. sputtering.

The results are presented in Table LVIIL It can be
seen from the table that under given experimental
conditions, there is no compound formation, except
in one case, in either the as-deposited or 6.5y old
specimens.

The GaAs single crystal was found to react with the
gold film only at 450 °C, producing Au,Ga, [74].

3. Kinetics of compound formation

The mass diffused at a determined temperature is
proportional to time and increases with temperature.
The path length, (X), of the diffusing atoms is propor-
tional to square root of time, (), X ~ (Dt)'? [75, 76],
where D is the diffusion coefficient (cm?s ~ !). The diffu-
sion coefficient is a characteristic constant for every
diffusion couple at a determined temperature and for
a given grain structure. This means of calculating the
diffusion coefficient takes into account only diffusion
in one direction thickening of the layer perpendicular
to the interface. Therefore, the calculated D
values are not quantitative but they represent a valu-
able approximation within one order of magnitude.
This equation is also used to calculate the diffusion
coefficient in thin-film metal couples at room temper-
ature and serves as an indicator of the reaction rate.
However, different researchers use different equations:
D = X%/t [10,26,64], D = X?/2t [21,41], D = X?/4t
[77], or D = X?/16t [78].

Depending on the availability of equipment, quant-
itative measurements of the diffusion path, X, and
time, ¢, are performed by different methods. There are
also different opinions on the “diffusion path”. Some
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TABLE LVIII State of the semiconductor single-crystal-metal film contacts

Single Metal Film Thickness Period of Results and
crystal film deposition and/or measurement remarks
procedure power/time
GaAs Au Thermal 50 and 2d-6y No compound,;
evaporation 100 nm no change on ageing
Au Rf. 300 nm 7d-6y No compound;
sputtering (1 kW/3 min) no change on ageing
Cr + Au R.f Cr = 40nm 7d-6y No compound;
sputtering Au = 300nm no change on ageing
(1 kW/3 min) Cr underlayer
produced no
visible change
Ag Thermal 100nm 2d-6y No compound;
cvaporation no change on ageing
Ag Rf. 1 kW/2.5min ld-6y No compound;
sputtering or 6.0min no change on ageing
or 10.5min
Cu RAf 1 kW/3min 5d-6y No compound;
sputtering or 6 min no change on ageing
Cu R.f. 1 kW/10min An unidentified
sputtering compound is formed
GaSe Au Rf. 1 kW/1 min 2d-6y No compound;
sputtering no change on ageing
Ag R.L 0.6 kW/1.5min 2d-6y No compound;
sputtering no change on ageing

researchers take the thickness of the compound for-
med [22]. Others consider that it is represented by the
layer thickness of one metal diffusing into the other
[26,79,80]. The third group of researchers take the
sum of both metal layers taking part in the reaction,
i.e. the sum of products of the layer thickness, d, and
density, p, of the starting metals, A and B, divided
by the density of the compound formed, C:
(dapa + dgpp)/pc [21]. The last manner of calculation
is feasible only if the density of the formed compound
is known, which usually is not the case. Anyway, the
layer thickness of the compound formed is, at most,
equal to the sum of the layer thicknesses of the starting
metals, and at least equal to the layer thickness of one
of the starting metals.

Two essential methods, direct and indirect, are used
to follow the reaction progress.

(1) The direct method. In this method, the layer
thickness of the compound formed is measured at
different times. The Rutherford back-scattering
spectroscopy (RBS) is used to measure directly the
layer thickness [35,36,41,81-84].

(i1) The indirect method. A change of some physical
property as a result of the compound formation is
followed as a function of time. Thus, change of
electrical resistance of a metal couple as a consequence
of the compound formation is followed at a fixed
temperature as a function of time [85-88]. Another
method used is to follow the decrease of reflection
intensity of the golden layer, being the result of the
formation of a compound with a layer of lead [26] or
aluminium [10].

The X-ray diffraction falls into the indirect methods.
A change in X-ray diffraction peaks due to the starting
metals and compounds formed is followed as a func-
tion of time [21, 64, 79, 80, 89-91].
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3.1. Room-temperature interdiffusion
coefficients for vacuum-evaporated
metal couples

This section contains room-temperature interdiffusion

coefficients for 26 thin-film metal couples, each con-

sisting of a high-melting metal (Ag, Au, Cu, Pd) and

a low-melting one (Al, Bi, Cd, Ga, In, Pb, Sn, Te, Zn),

vacuum evaporated at room temperature. One or

more compounds are formed in the couples.

XRD has been used to follow the reaction of com-
pound formation. A decrease of the X-ray peak height
of the starting metals and increase of the peak height
of the compound formed have been followed as a func-
tion of time. The X-ray peak height has been measured
in two ways:

(a) by pulse counting at a given angle, 8, for 1 min.
The counting had been repeated for the same 6 in
determined time intervals until the pulse number fell
to the background level (for starting metals), or until
the maximum value was reached (for the compound
formed);

(b) the height of the X-ray peaks on the diffracto-
gram for a specimen obtained at different times
(several days, months or years), was measured using
a ruler.

In the majority of cases, a decrease in the X-ray
peak height due to the high-melting metal was fol-
lowed. For the couples in which this was not possible,
a decrease of peak height due to the low-melting metal
was followed. In all the specimens studied, thicknesses
of starting metals were adjusted so as to obtain the
stoichiometric ratio corresponding to the compound
formed.

The dependence of the X-ray peak intensity (pulse
number or mm) on square root of time (min'/?) was
obtained from the experimental data. In all cases,



a linear dependence was obtained, indicating that
the process of compound formation is a diffusion-
controlled one.

A simple relation was used to calculate the interdif-
fusion coefficient: D = X?2/t, where X is the diffusion
path (cm) and ¢t is time (s). The initial thickness of the
high-melting metal was taken to represent the diffu-
sion path, X, and the time needed to complete the
reaction was taken to represent the diffusion time, t.

In the case of very rapid processes, the X-ray peaks
due to the starting metals could not be detected.

For several couples it was not possible to follow
a decrease in the X-ray peaks of both the high-melting
and the low-melting metals. Therefore, a disappear-
ance of the colour of gold (or copper) was taken as the
indicator of the completion of the reaction. The gold
(copper) thickness was taken to represent the diffusion
path, and the time until the disappearance of the metal
colour as the corresponding time.

In this manner, the interdiffusion coefficients, D,
were calculated for the couples in which one com-
pound/couple is formed, as well as the interdiffusion
coefficients, D, of the first-formed compounds in the
couples in which more than one compound/couple is
formed. For the couples in which two or three com-
pounds are formed, the thickness of the first-formed
compound was used as the path, X, in order to calcu-
late the interdiffusion coefficients, D, and D5 of the
second-formed and third-formed compounds, respec-
tively. A detailed description of such a calculation is
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given in the text concerning the Ag-In, Ag-Te, Au~In
and Au-Zn couples.

The mterdiffusion coefficient values represent nu-
merical values of the rate of compound formation for
the couples studied. These calculated coefficients can be
considered only as convenient approximations [91].

Subsequent text contains data relative to the indi-
vidual couples. The following data are given for each
couple: the compounds formed; the procedure used to
measure the X-ray peak intensities; the diagram rep-
resenting the dependence of the X-ray peak intensities
on time, or data for the disappearance of the colour of
gold (copper), the calculated values of D, D, D,, D,
and in the cases where different literature data exist on
the interdiffusion coefficients, they are presented and
commented upon.

3.1.1. Ag-metal couples

3111 Ag-Cd In the Ag-Cd couple three com-
pounds are formed: AgCd,;, AgCd and AgsCdg. Pro-
gress of the AgCd; formation was followed on the
specimen containing 75% Cd, in which only this com-
pound was formed. Because the most intensive X-ray
peak due to silver, at # = 19.22°, overlaps one of the
AgCd; peaks, it could not be used, and therefore one
of the cadmium peaks was measured (Fig. 1). The time
until all cadmium had reacted was taken from the
diagram. Because the starting metal thicknesses were
adjusted in order to correspond to the stoichiometric
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Figure | X-ray intensities of different metals and compounds in the Ag- Me couples, versus the square root of ageing time. (a)
Ag(60nm)-Cd(110 nm), (b) Ag(50 nm)-In(181 nm), (c}) Ag(50nm)-Sn (110nm), (d) Ag(50 nm)}-Zn(250 nm).
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ratio of AgCd,, the reaction time of silver is equal to
that of cadmium. Taking the starting silver thickness,
the value D = 1.4 x 107 '® cm?s ™! was obtained [5].

Progress of the reactions of AgCd and Ag;Cdyg
formation could not be followed, because the trans-
formation of AgCdj; to these two compounds proceeds
partially and simultaneously.

3.1.1.2. Ag—Ga. In the Ag—Ga couple, only one com-
pound, Ag;Ga, is formed. The Ag;Ga formation is so
rapid that the variation in intensity of the silver dif-
fraction maxima could not be followed.

In the X-ray diffractogram of the sample composed
of silver and gallium 73 and 119 nm thick, respectively,
taken 2 min after deposition, silver could not be identi-
fied. The gallium layer is amorphous and therefore
cannot be identified. Only the diffraction maxima cor-
responding to the Ag;Ga compound were found.
From the diffusion path (silver layer 73 nm thick) and
time nceded to complete the reaction (2 min), the value
D =44x10""cm?s ! was obtained [80].

3.1.1.3. Ag-In. Inthe Ag-In couple, two compounds,
Agln, and Ag,In, are formed. In the sample contain-
ing 68 wt% In, Agln, only was formed. The rate of its
formation was studied by following the decrease in the
silver (1 1 1) diffraction maxima (Fig. 1). From the dif-
fusion path (silver layer 50 nm) and time needed to
complete the reaction of the silver layer (400 min), the
value D; = 1.1 x 10" ""em?s ™~ ! is obtained [80].

The diffusion coefficient of the other compound,
Ag,In, was calculated as follows. In the specimen
containing 34 wt% Zn, two compounds were formed.
At the beginning of the reaction the entire amount of
indium (80 nm) was consumed in about 625 min, pro-
ducing Agln,. The compound formed began to react
after that time with the excess silver to form Ag,In.
This reaction was completed after 8100 min when the
X-ray peak due to Agln, completely disappeared.
Supposing that the thickness of the first-formed com-
pound (Agln,) was equal to the starting indium thick-
ness (80nm), and that the compound reacted
completely to form Ag,In, this thickness could be
taken to represent the diffusion path, X, and 8100 min
would be the diffusion time. The diffusion coefficient
value for Ag,In calculated from these data is
D, =13x10"'°cm?s™ ',

Keppner et al. [22] studied the kinetics of Agin,
formation by measuring the thickness, d.on, of the
compound formed as a function of time, t'/%, at a fixed
temperature. The interdiffusion coefficient at room
temperature (300 K) thus obtained amounts to about
1072 cm?s™! for Agln,. This value is considerably
higher than that obtained from Marinkovi¢c and
Simi€’s results, the difference presumably being a con-
sequence of the different experimental and calculation
methods.

The formation of Agln, phase has been found to be
diffusion controlled, the activation energy being about
0.43eV [24].

3.1.1.4. Ag—Sn. In the Ag—Sn couple, only one com-
pound, Ag;Sn, is formed. The rate of formation of the
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AgiSn was followed from the decrease in the silver
(1 11) diffraction peak intensities. The intersection of
the straight line (Fig. 1) representing the decrease of
the silver diffraction peaks with the X-axis, indicates
the time when the complete quantity of silver has
reacted (1225 min). The interdiffusion coefficient, de-
termining the rate of Ag;Sn formation was calculated
from these data, D = 3.4 x 107 °cm?s™ ! [90]. Sen et
al. [86] state that the reaction in the Ag—Sn sample
composed of silver and tin layers 100 and 95 nm thick,
respectively, was completed in a few days (100 h), as
can be determined from the diagram presented. From
these data, using the equation D = X?/t, one can
calculate - the interdiffusion coefficient value of
27x 107" cm?s™ !, which is close to the value ob-
tained by Markinkovi¢ and Simic.

3.1.1.5. Ag—Te. Two compounds, Ag,Te and AgsTes,
are formed in the Ag-Te couple. The progress of
compound formation was studied on the sample con-
taining silver and tellurium having thicknesses of 52
and 294 nm, respectively. In the X-ray diffractogram
of the sample taken 3min after deposition, only the
diffraction peaks of Ag,Te and tellurium were identi-
fied, those of silver being absent, which shows that the
silver layer has reacted completely in less than 3 min to
form Ag,Te. The interdiffusion coeflicient calculated
from these data amounts to D; = 1.5x 10" *cm?s™ 1,
which determines the rate of Ag,Te formation. The
X-ray diffractograms of the sample taken during the
following days show a gradual decrease in intensity of
the Ag,Te and tellurium diffraction peaks, as well as
the appearance followed by an increase in the AgsTe,
peaks. The complete absence of the diffraction peaks
due to Ag,Te in the X-ray diffractogram taken 25d
after deposition, shows that this compound has reac-
ted completely. The following procedure was used to
estimate the interdiffusion coefficient value. The thick-
ness of the first-formed compound is at least equal
to the initial silver thickness (52nm). Because this
compound reacts completely in 25d, this time was
taken as the diffusion time and the value of
D, =12x10""cm?s™ ' was obtained [80].

It was found that the rate of Ag,Te formation
during sputtering or thermal evaporation of tellurium
on the silver layer was equal to the rate of tellurium
deposition [86]. The rate of tellurium sputtering was
40nms~! and that of thermal evaporation was
Snms~ L. From these values, the interdiffusion coeffi-
cients, 1.6 x 107 ecm?s™ ! and 2.5x 10" cm?s™ !,
respectively, can be calculated. The latter value 1s in
agreement with experimental results obtained by
Marinkovi¢ and Simi¢ for Ag-Te layers prepared by
thermal evaporation [80]. A higher rate of compound
formation in thin-film couples formed by sputtering
was also observed in other systems [48].

3.1.1.6. Ag—Zn. Three compounds, AgZn;, AgZn and
AgsZng, are formed in this couple. Progress of the
AgZn, formation was studied by following the de-
crease of the zinc diffraction peak intensity (Fig. 1).
Because the thicknesses of the two metal layers were
adjusted to correspond to the stoichiometric value of



AgZns, it is considered that the reaction times of both
metals were equal. Taking the starting silver thickness
and time from the diagram (Fig. 1), the interdiffusion
coefficient value of 1.1x10”*°cm?s™! has been
obtained [5].

The progress of AgZn and AgsZng formation could
not be followed because the transformation of AgZn,
to these two compounds proceeds partially and simul-
taneously.

Bandyopadhyay et al. [87] studied the kinetics of
B-AgZn formation between room temperature and
300°C, in thin-film Ag-Zn couples 200 and 300nm
thick, respectively. The room-temperature diffusion
coefficient value, D = 1.4x 107'7 em?s ™!, has been
obtained. The same authors found that the diffusion of
silver into tin is several times that of silver into zinc.
This behaviour is in accord with the results of Marin-
kovi¢ and Simi¢ [or Ag—Sn [80] and Ag—Zn [5].

3.1.2. Au-Me couples

3.1.2.1. Au—Al. Two compounds, Au,Al and AuAl,
are formed in the Au—Al couple, the first within several
days and the second after 3 y. The diffraction peaks of
gold (1 11) aluminium (1 1 1) and Au,Al (510) are all
located at the 6 = 19.15". Therefore, it was not pos-
sible to follow the reaction rate via the decrease in the
diffraction peak intensities, but visually by following
the disappearance of gold colour. For the sample with
gold and aluminium layer thicknesses of 62 and
30 nm, respectively, the gold colour disappeared with-
in 20 d. From these data, the interdiffusion coefficient
D, =22x10""7cm?s™!, determining the rate of
Au,Al formation, has been calculated. In another
sample with gold and aluminium layer thicknesses of
39 and 33 nm, respectively, the gold colour disap-
peared after 3y, when AuAl, was formed. A rough
estimation gives the interdiffusion coefficient
D, =16x10""cm?*s ' [79].

3.1.2.2. Au—Cd. Two compounds, AuCd; and AuCd,
are formed in the Au-Cd couple. The diffraction peaks
due to gold, cadmium and AuCd; have the same
angular position, § = 19.15°. Therefore, the disappear-
ance of the gold colour was used to follow the reaction
rate. The sample with a gold layer 31 nm thick loses
its colour within 1.5h, giving rise to AuCd; only.
From these data, the interdiffusion coefficient
D, =17x10"""cm?s ' was estimated. In another
sample, the cadmium layer 77 nm thick reacts com-
pletely within several hours with part of the gold to
form AuCd; and then excess of gold reacts with the
first-formed compound, which is thereby transformed
into AuCd within 8 d. The interdiffusion coefficient
D, =85x10""7 cm?s !, which determines ap-
proximately the rate of AuCd formation, has been
estimated from these data [79].

3.1.2.3. Au—Ga. Four compounds, AuGa,, AuGa,
Au,Ga and Au-,Ga,, are formed in the Au—Ga couple.
In the sample containing 70 wt% Ga, gold has reacted
completely with gallium during layer preparation, the
loss of the golden colour showing that the reaction is

completed. Thereby only one compound, AuGa,,
1s formed. The interdiffusion coefficient was calculated
from the gold layer thickness (100 nm) and the time
of evaporation (1 min). The value D = 1.6x
107 "2 em? s~ !, determining the rate of formation of
AuGa,, has been obtained from these data [79].

Interdiffusion coefficients for the remaining three
compounds could not be determined, because in the
samples containing 10-50 wt% Ga, the formation of
different compounds proceeds simultaneously and too
rapidly to be followed by the X-ray method.

3.1.2.4. Au—In. In the Au-In couple, four compounds
are formed: Auln,, Auln, Aus;In; and Au.n. The
progress of the compound formation was studied by
following the decrease in the gold (111) diffraction
peak intensity. The time required for the 67 nm thick
gold layer to react completely is 529 min (Fig. 2). The
interdiffusion coefficient, Dy, determining the rate of
the Auln, compound formation was thus calculated
to be 1.4x 10~ '° cm? s~ !. In another sample having
gold and indium layer thicknesses of 100 and 50 nm,
respectively, indium reacts with part of the gold in
180 min, again producing Auln,. The excess gold re-
acts with Auln, to form Auln compound within 5 d. If
the entire indium layer has reacted to form Auln,
which was then transformed into Auln, it can be
considered that the Auln, thickness is equal to the
initial indium thickness, i.e. 50 nm. From these data,
an approximate value follows of the interdiffusion
coefficient, D, = 5.0x 10 " cm?s™!, which deter-
mines the rate of Auln formation. In the sample hav-
ing gold and indium thicknesses of 80 and 16 nm,
respectively, the reaction proceeds in the same manner
as in the previous case; however, because the sample
contains more gold, the reaction continues by the
transformation of Auln through Au,In; into Auyln.
This transformation is completed within 4 mon, giving
the final Augln product. From these data, an appro-
ximate value follows of the interdiffusion coefficient,
Dy =24x10"""cm?s™ ', which determines the rate
of Auyln formation [79].

3.1.2.5. Au--Pb. Three compounds are formed in the
Au-Pb couple: AuPb;, AuPb,, and Au,Pb. The
progress of compound formation was studied by
following the decrease in the gold (1 11) diffraction
maxima (Fig. 2). In this sample, gold has reacted com-
pletely  within 161 min. From these data,
Dy =37x10"" cm?s™! follows, determining the
rate of AuPb; formation.

In another sample consisting of gold and lead layers
with thicknesses of 74 and 67 nm, respectively, lead
has reacted with part of the gold within 4 h, producing
AuPb,. From these data D; =3.1x 1073 cm?s™!
folows, determining the rate of AuPb, formation. The
obtained value of interdiffusion coefficient corres-
ponds to that calculated by Weaver and Brown [26]
from the rate of decrease in the mirror reflection of
gold. In the above-mentioned sample, the reaction
continues by the reaction of excess gold with AuPb, to
form Au,Pb within 27 d. Because the thickness of
AuPb, is at least equal to the initial lead layer
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thickness, an approximate value of the interdiffusion
coefficient can be obtained from these data,
D, =19%x10 " ecm?s !, which determines the rate
of Au,Pb formation [79].

3.1.2.6. Au—Sbh. Only one compound, AuSb,, is for-
med in the Au--Sb couple. The AuSb, (200) and gold
(111) X-ray peaks appear at the same angle
(6 = 19.15%) so that the increase in the former masks
the decrease in the latter. The reaction rate was deter-
mined therefore from the decrease in the antimony
(102) peak intensity (Fig.2). The straight line ob-
tained by plotting the antimony (10 2) peak intensity
versus t'/? interscets the abscissa at 97 d. Because the
gold and antimony thicknesses have been chosen to
correspond to the stoichiometric value of AuSb,, it
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can be considered that the time in which the entire
gold has reacted will be the same. Taking the gold
thickness to represent the diffusion path and time
from the diagram, a value of D = 4.0x 10" ¥ cm?s™!
determining the rate of AuSb, formation has been
calculated [90].

3.1.2.7. Au-Sn. Four compounds are formed in the
Au-Sn couple: AuSn,, AuSn,, AuSn and AusSn. The
reaction rate has been investigated for the sample in
which only AuSn, is formed (53 wt% Sn). The experi-
mental results show that the diffraction maximum of
gold drops to the background level within 100 min
(Fig. 2). This yields an interdiffusion coefficient value
D =74%x10""° cm?s !, which determines the rate of
AuSn, formation [79].
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Figure 2 X-ray intensitics of different metals and compounds in the Au Me couples versus the square root of ageing time. (a) Au(67 nm)-In
(188 nm), (b) Au(60 nm)--Pb{430nm), (¢) Au(60nm)-Sb(210nm), (d) Au(67 nm) Sn(183nm), (¢) Au{60 nm}-Zn(300 nm).
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3.1.2.8. Au—Zn. Three compounds are formed in the
Au-Zn couple: AuZns, AuZn and Au,;Zn. The rate of
AuZn; formation was investigated following the
decrease of the gold (11 1) diffraction peak intensity
(Fig. 2). From these data the interdiffusion coefficient
value, D, =43 x 107> cm? s~ !, has been obtained
[62].

The approximate rates of formation for the other
compounds have been determined by analysing the
XRD patterns of the sample containing 10 wi% Zn
(gold and zinc thicknesses of 80 and 24 nm, respec-
tively). The reaction leading to AuZnj formation is
completed within a few hours. It can be supposed that
the compound thickness is at least equal to the initial
thickness of the zinc layer, i.e. 24 nm. This compound
then reacts with the excess gold to produce AuZn, the
reaction being completed in 4 d. The interdiffusion
coellicient value, D, = 1.6 x 1077 ¢m? s !, determin-
ing the rate of AuZn formation, has been obtained from
these data [79]. It takes 8 y for the AuZn contained in
the sample to react completely with the excess gold to
form AusZn. From the AuZn layer thickness, taken to
be at 24 nm, and time of 8 y, the interdiffusion coeflic-
ient determining the rate of AusZn formation is ob-
tained: Dy = 2.0x 1072 cm % s [79].

3.1.3. Cu-metal couple

3.1.3.1. Cu—Cd. Two compounds, Cu,Cd; and CuCd,,
are formed in this couple. The copper diffraction peak
at 6 = 21.75" overlaps one of the Cu,C; peaks and
therefore it was not possible to follow intensity de-
crease of the copper peak, so that the reaction was
followed visually. In the specimen Cu(50 nm)-Cd
(70 nm), l.e. containing 57% Cd, which is the
stoichiometric value of Cu,Cd;, 10d after the
specimen preparation, copper was no longer dis-
cernible and cadmium could not be detected by XRD.
Taking the copper layer thickness to represent the
diffusion  path, the interdiffusion coefficient,
D =20x10"""cm? s ! has been calculated [90].

3.1.3.2. Cu--Ga. Only one compound, CuGa, is for-
med in this couple. The progress of compound forma-
tion was studied by following the copper X-ray peak
intensity decrease and the increase of the CuGa peak
intensity (Fig. 3). It can be seen that copper has reac-
ted completely in 108 min. Taking the copper layer
thickness as the diffusion path and the time from
the diagram, the interdiffusion coefficient, D =
3.0x 107 cm?s™ " was calculated [90].

3.1.3.3. Cu-In. Only one compound, Culn, is formed
in this couple. Progress of compound formation was
studied by following the indium diffraction
peak intensity. The copper diffraction peak could not
be followed because it overlaps with one of the com-
pound peaks. In the specimen Cu(45 nm)-In(145 nm)
(Fig. 3), indium has reacted completely in 45 min and
the copper colour is no longer visible. Taking the
copper layer thickness as the diffusion path and time
from the diagram, the interdiffusion coeflicient
D=75x10""cm?s ! was calculated [90].

3.1.3.4. Cu—Sbh. Only Cu,Sb is formed in this couple.
The formation of the compound is very slow, so that
first traces of its X-ray peaks become noticeable
a month after the evaporation. The copper X-ray peak
at 6 =21.75" overlaps with one of the compound
peaks, so that the reaction progress could be studied
only by following a decrease of the antimony peaks.
The dependence represented in Fig. 3 has been
obtained by measuring the antimony diffraction peaks
in the diffractograms taken after 8 mon and after 8 y.
It appears that antimony would react with copper
completely within about 36 y. Taking the copper
thickness and time from the diagram, the inter-
diffusion coefficient value D =12x10"?°cm?s™!
was obtained [90].

3.1.3.5. Cu~Sn. Only Cu;Sns is formed in this couple.
Progress of the reaction has been studied by following
the tin X-ray peak intensity decrease (Fig. 3). Copper
was not used for the same reason as in the Cu-In
couple. Tin has completely reacted in 6.7 d and copper
could not be seen. Taking the copper thickness
(62 nm) and time from the diagram, the interdiffusion
coefficient value D =6.6x10"""ecm?s™! has been
calculated [90].

3.1.3.6. Cu—Te Three compounds are formed in this
couple: Cu;Te, Cu;Tes and CuTe. In the X-ray dif-
fractogram of the specimen Cu(80 nm)-Te(115 nm)
taken 12 min after the specimen preparation, only the
peaks due to Cu,Tes and no diffraction peaks due to
copper and tellurium were visible. Taking the copper
thickness to represent the diffusion path, the interdif-
fusion coefficient value D = 8.8 x 10" " cm?s ! was
calculated from these data [90].

3.1.3.7. Cu-Zn. Only one compound, CuZn,, is for-
med in this couple. Progress of the compound forma-
tion has been studied by following the zinc X-ray peak
intensity (Fig. 3). In the investigated specimen, zinc
has reacted with copper completely within 20 d. It was
not possible to follow a decrease of the copper X-ray
peaks for the same reasons as in the Cu-In couple.
Taking the starting copper thickness, the interdiffu-
sion coefficient value D =3.8x10"'"*ecm?s™! was
calculated [90].

3.1.4. Pd-metal couples

3.1.4.1. Pd-Bi. Only one compound, PdBi.,, is formed
in this couple. Progress of the PdBi, formation was
studied by following the decrease of a bismuths dif-
fraction peak as a function of time (Fig. 4). Palladium
reflects weakly and it is therefore difficult to follow the
intensity decreasc of its diffraction peaks. Taking the
palladium thickness as the diffusion path, and the time
from the diagram, the interdiffusion coefficient value,
D =38x10"""cm?s ', has been obtained [90].

3.1.4.2. Pd-Ga. The PdGas compound is the only
one formed in this couple. The gallium layer is
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Figure 3 X-ray intensities of different metals and compounds in the Cu-Me couples versus the square root of ageing time. (a)
Cu(45 nm)}-Ga(144 nm), (b) Cu(45 nm)-In(145 nm), (¢) Cu(38 nm)-Sb (152 nm), (d) Cu(62 nm)-Sn(124 nm), (¢) Cu(26 nm) Zn(159 nm).

amorphous and palladium is weakly reflecting, and
therefore the progress of the compound formation was
studied by following the increase in the compound
X-ray peak intensities in the specimen Pd(108 nm)-
Ga(280 nm). The time at which the increase has stop-
ped is taken to represent the time of the reaction
completion (8 d). The starting palladium thickness
was taken as the path, X. The interdiffusion coeflicient
value D =1.6x10""®cm?s™ ! was obtained from

these data [90].

3.1.4.3. Pd-In. Only one compound, PdlIn;, is formed
in this couple. Palladium is weakly reflecting, so that
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the reaction progress was studied by following the
decrease in the indium X-ray peak intensity (Fig. 4).
Taking the starting palladium thickness as the diffu-
sion path, and the time from the diagram, the interdif-
fusion coefficient value D =1.9x 10" ""cm?s ™! was
obtained [90].

3.1.4.4. Pd-Pb. The PdPb, compound is the only one
formed in this couple. For the same reason as in the
Pd-In couple, the reaction progress was studied by
following the lead X-ray peak intensity (Fig. 4), and
the interdiffusion coefficient D = 8.0x 10~ "7 cm? s ™!
was determined in the same manner [90].
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Figure 4 X-ray intensities of different metals and compounds in the Pd-Me couples versus the square root of ageing time. (a)
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3.14.5. Pd-Te. Only one compound, Pd-Te,, is
formed in this couple. For the same reason as
in the Pd-In couple, the reaction progress was
studied by following the tellurium X-ray peak inten-
sity (Fig. 4), and the interdiffusion coefficient
D =85x10"1 cm?s™ ! was determined in the same
manner [90].

3.2. Comparative analysis of interdiffusion
coefficients

On the basis of the experimental results for 26 investi-

gated couples, Table LIX has been made.

The results are grouped for the Ag-Me, Au-Me,
Cu-Me, and Pd-Me systems, the low-melting metals
(Me) being arranged by the increasing melting points.
For the Au—-Me, Ag—Me, Cu—Me and Pd—Me systems,
linear relationships between interdiffusion coefficient
and melting point of the low-melting metal have been
found. This is shown in Fig. 5, in which naperian
logarithm of diffusion coefficient of the first-formed
compound, (InD), is related to melting point, (T,,) of
the metal reacting with gold silver, copper and pallad-
1um, respectively. A linear least squares fit gives the
relations

D =236x10""exp( — 0.0160T,)  (30)

for Au—Me

D =320x 10" exp( — 0.0085T,,) (31
for Ag—Me

D = 7.34x 10" Pexp( — 0.0015T,,) (32)
for Cu-Me

D = 5.59 x 10~ "%exp( — 0.0048T ) (33)
for Pd—Me

From the results presented, it can be seen that the
lower the melting point of the low-melting metal, the
higher is the interdiffusion coefficient. i.e. the faster
the diffusion. This is in agreement with findings of
Bokshtein [92], according to which the activation
energy of self-diffusion, (Q), in metals i1s proportional
to their melting point, (T,,) : @ = 34 T,. It follows
from this relation that for the metals having lower
melting points, self-diffusion at room temperature re-
quires lower activation energy than for the higher-
melting metals.

In the couples where two or three compounds are
formed, the interdiffusion coefficient of the first-
formed compound (D;) , is about two orders of
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TABLE LIX Interdiffusion coefficients, (D), in metal- metal thin-film couples at room temperature

Metal couple, Meclting temperature (“C) [4] Compound Melting/transformation Interdiffusion
A-B formed temperature of coefficient® (cm?s ™ ')
A B compound formed ("C) [4]
Ag-Ga 961.9 294 Ag,Ga 425 D =44x 1013
Ag-In 156.6 Agln, 166 D, = 1.1 x1071!
Ag,In 315 D,=13x10"1'®
Ag--Sn 231.8 AgiSn 480 D =34x10"1°
Ag-Cd 320.9 AgCd, 590 D=14x10"1°
Ag Zn 419.6 AgZn, 631 D=1.1x10"1
Ag Te 452 aAg,Te 145 Dy =15x 10713
aAgsTe, 295 Dy = 12x107V
Au-Ga 1064.4 29.4 AuGa, 491.3 D=16x10""2
Au-In 156.6 Auln, 540.7 D, = 14x1071°
Auln 509.6 D, =50x10""
Auyln 649.25 Dy=24x10"1°
Au-Sn 231.8 AuSn, 309 D=74x10"13
Au-Cd 320.9 AuCd, 270 D, =17 x107"'%
AuCd 505 D, =85x10""7
Au Pb 327 AuPb, 221.5 D, =37 x10"1
AuPb, 253 D, =31x10"1°
Au,Pb 434 D, =19x10"17
Au-Zn 419.6 LTAuZn; 225 D, =43x1071°
AuZn 725 D,=16x10"17
o,AuzZn 270 Dy =20x10"2°
Au-Sb 630.5 AuSb, 460 D=40x10"1%
Au-Al 660.4 aAu,Al 575 Dy =22x%x 107"
AuAl 1060 D, =16x10"1
Cu-Ga 1083.4 29.4 CuGa, 254 D=31x10"1
Cu In 156.6 Culn 310 D=75x10""%
Cu-Sn 231.8 Cu,Sns 189 D=66x10""
Cu-Cd 320.9 Cu,Cd; 547 D=20x10"1
Cu Zn 419.6 CuZn, ~ 600 D=38x10"18
Cu-Te 452 Cu,Tes 360 D=88x10"'*
Cu-Sb 630 Cu,Sb 586 D=12x10"2%°
Pd Ga 1554 294 PdGas 200 D=16x10"1'¢
Pd -In 156.6 PdIn, 664 D=19x10"17
Pd Bi 271 aPdBi, 380 D=38x10"17
Pd -Pb 327 PdPb, 454 D=80x10"1
Pd-Te 452 PdTe, 752 D=85x10""'8

*In the couples in which more than one compound is formed, Dy, D,, D arc interdiffusion coeflicients of the first, second and third compound

formed, respectively.

magnitude larger than that of the second-formed com-
pound, (D,), which is, in turn, two orders of magnitude
larger than that of the third-formed compound, (D).

The first compound 1s formed directly from the
starting metals, the second one is formed by the reac-
tion of the first compound with the excess of the
high-melting metal, and the third compound is formed
by the reaction of the second one with the excess of the
high-melting metal. The exceptions are the Au-Al
couple in which the first-formed compound reacts
with the excess of aluminium and not of gold, and the
Au-Sn couple in which both rcaction types can take
place, depending on the constituent concentrations.
The interdiffusion coeflicient values are in accord with
the order in which the compounds are formed: the
interdiffusion coefficient of the first-formed compound
is the highest, and then follow the coefficients of the
second and third compound.

For all the couples in which two or three com-
pounds are formed, the first-formed compound has
a lower melting point than the second one, and the
melting point of the second compound is lower than
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that of the third one. An exception is AuzZn which is
formed as the third compound, although its melting
point is lower than that of the second one (AuZn). The
reason is that the first-formed compound (AuZn,)
reacts with the excess gold to produce AuZn, which by
reacting with gold produces Au;Zn. Because Au,Zn is
formed as the third compound, its interdiffusion coef-
ficient is the lowest one. In order to show reactivity of
the low-melting metals with the high-melting metals
studied. Table LX presents the values of the interdiffu-
sion coefficient, (D) , of; (1) gallium and indium with
all the four high-melting metals; (1) tin, cadmium, zinc
and tellurium with three of them; and (iii) antimony
and lead with two high-melting metals. It can be seen
from Table LX that the interdiffusion coefficient value
of a given metal is the highest in the couple with gold,
and then follow the couples with silver, copper and
palladium. An exception is indium, for which the
interdiffusion coefficients of the couples with gold,
silver and copper are of the same order. It follows that
gold is the most reactive, i.¢. its reaction rate is the
highest, and then follow silver, copper and palladium.
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palladium in thin-film couples.

TABLE LX Interdiffusion coelficients, D, (cm?s™ ") in metal-
metal thin-film couples at room temperature

D (cm?s™ 1Y)

Au Ag Cu Pd
Ga 1.6x10712 44 %1013 3x10 71 1.6x 10710
In 14x107" LIx107'° 75% 107 1% 1.9x10° 17
Sn 7.4 x 10710 34 x 107 1° 6.6 x 107"
Cd 1.7 x 10719 1.5 %1071 20x 107 Y7
Pb  37x107%° 80x 10717
Zn 43x 10713 1.I1x107'° 3.8x107!¥
Te 1.5x 10 '8 8§.8x 1071 8.5x10 ¥
Sb 40x 107 ¥ 1.2x10 2°

Gold s most reactive also from the viewpoint of the
number of the low-melting metals with which it reacts
(9) and the number of the compounds formed (24).
Then follow silver (6 couples, 13 compounds), copper
(7 couples, 10 compounds) and palladium (5 couples,
6 compounds).

4. Reaction progress and rules

regulating compound formation
On the basis of experimental results obtained during
the 1970s/1980s in studying behaviour of thin-film
metal couples at room temperature (see Section 2),

a certain picture could be formed about the com-
pound formation processes in the couples.

It is a well-known fact that the properties and
performance of polycrystalline maternials including
polycrystalline thin films, are strongly affected by the
grain structure. Therefore, the process 1s considered
here starting from the microstructure of the metal
films in the couple. Polycrystalline thin films contain
a large number of microcrystalline grains with corres-
ponding grain boundaries. The higher the melting
point of the metal, the smaller are the grains in the
evaporated thin film, the larger their number in
a given volume and the larger is the number of
grain boundaries; and vice versa. In addition, thin
films may contain dislocation densities as high as
10'°-10" cm” 2 [93]. It is well established that dislo-
cations and grain boundaries in metal films act as
rapid diffusion short-circuits. In general, the short
circuit diffusion proceeds with a lower activation
energy than the lattice diffusion. Accordingly, short
circuiting tends to become particularly important at
relatively low temperatures [93,94]. It is particularly
pronounced at room temperature and therefore the
diffusion mass transport at this temperature most of-
ten proceeds by such a mechanism.

Many experiments have shown [6, 13,47] that com-
pounds are most often formed at room temperature
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when one of the metals is high melting (fine-grained
film), and the other is low melting (coarse-grained
film). Because of the lower energy needed (rapid diffu-
sion short circuits), the diffusion mass transport via
grain boundaries and dislocations is intense. Diffusion
in one direction (for example from a fine-grained film
to a coarse-grained one) will be dominant with respect
to the opposite direction. The resulting constant flux
permits intimate contact of the two metals at the
interface. This may lead to diffusion through the crys-
tal grain. A solid solution may be formed by incorpo-
ration of one of the metals by substitition or in the
interstitial positions of the other metal structure. This
may be followed by compound formation, starting
perhaps on the contact of crystal grain and grain
boundary. An excellent example for compound forma-
tion is presented in the article by Nakahara and
McCoy [95].

Ma et al. [96] show evidence that interdiffusion
of aluminium and nickel leading to solid solution
precedes the formation of intermetallic crystalline
compounds. This step indicates the importance of
prenucleation interdiffusion in the selection of the first
intermetallic phase that subsequently forms. Further-
more, in the bright-field micrographs they observed
the protrusion of NiAl; into the grain boundaries of
aluminium. Barmak et al. [97] made similar observa-
tions in sputter-deposited Nb/Al multilayers, annealed
at 600 K. The evidence presented clearly reveals the
formation of NbAl; along the Nb/Al interface and its
protrusion, i.e. preferential formation, along the grain
boundaries of aluminium. It can be concluded that
niobium (in this instance) is diffusing along the grain
boundaries of aluminium as has also been concluded
for zirconium in Zr/Al layers [98], thereby highlight-
ing the importance of grain-boundary diffusion in
thin-film reactions.

These recent experimental results indicate that the
earlier created picture of the reaction processes in
thin-film metal couples was not incorrect.

The results of investigation of the reaction processes
in thin-film metal couples obtained until some ten
years ago, including those presented in this mono-
graph, were interpreted by the so-called one-step mod-
els. These models and descriptions focus primarily on
the growth stage and to a much lesser extent on the
nucleation phase. Therefore, they could not always
explain the entire process which is obviously more
complex. Thus, papers appeared contributing to the
knowledge of the real complexity of the processes.

Coffey et al. [99] supplied experimental evidence
for nucleation during thin-film reactions. The results
of a study of the Nb/Al and Ni/amorphous Si
couples obtained by means of differential scanning
calorimetry (DSC) and differential thermal analysis
(DTA) suggested a two-step growth process. The
authors have developed a model in which the first step
is taken to be the nucleation and two-dimensional
growth to coalescence of the product phase (com-
pound) in the plane of the initial interface. The second
step is assumed to be the thickening of the product
layer by the growth perpendicular to the interface
plane. The success of this simple model in describing

600

the principal features of the experimental results
for different metal couples suggested that nucleation is
an important aspect of phase formation in thin-film
reactions.

The early stage of solid-state reactions in thin-film
couples was investigated at elevated temperatures and
also for other couples. Thus the Ni—Al couple was
investigated by Ma et al. [96], Michaelsen et al. [100]
and Barmak et al. [101], the V/amorphous Si couple
was the subject of a study made by Clevenger et al.
[102], and the Ni/Zr couple was studied by Newcomb
and Tu [103]. The results obtained indicated that
there is a number of systems in which nucleation and
growth take place prior to thickening of the product
phase.

In the model by Coffey et al. [99] nucleation and
growth parallel to the interface are combined with the
growth normal to it in order to describe the rate of
volume fraction transformed. The model was quite
successful in describing the essential behaviour of
Nb/Al and Ni/amorphous Si films [99], and, after
minor modifications, that of Ni/Al [96] and
V/amorphous Si [102].

It has been noted that such a description of reactive
phase formation bears a great resemblance to the film
formation from the vapour phase [ 104, 105].

The model was based on the measurements at
elevated temperatures. The question is whether it is
applicable to the reactions at room temperature.
The appearance of isolated randomly formed islands
observed in early reaction stages at room temperature
[62], indicates such a possibility. However, no paper
confirming it has yet been published. The most im-
portant methods used for investigation at elevated
temperatures cannot be employed to study the room-
temperature reactions, while the methods used so far
at room temperature were not able to register two
stages in the compound formation. In order to use
TEM, which is the method most often used to study
these processes, considerable adaptations are needed
in sample preparation and in the measurement pro-
cedures to enable the two-stage processes to be
observed. In addition, TEM does not supply all the
necessary information.

New experiments at elevated temperatures will per-
haps indicate procedures that might also be used at
room temperature. By the measurements both at
room and eclevated temperatures, several points
should be clarified. In the case of the two-stage process
schematically outlined for the first phase formation,
experiments should test whether it is the same for
the formation of the second and following phases.
Namely, the interface is different and one of the con-
stituents is a new phase and not the starting element.
In addition, the possibility to obtain interdiffusion
coefficients should be checked for every stage and for
every phase formed in the couple.

4.1. Couples in which compounds are
formed

In order to understand the reaction process, we shall

analyse in this section only the vacuum-evaporated



metal couples in which compounds can be formed
according to the phase diagrams [4]. In some of these
couples the compounds can be formed at room tem-
perature, but in others there is no room-temperature
compound formation.

In order to prepare the couples, 23 metals were
used. According to their melting points, they can be
classified into three groups:

(i) metals with high melting point (960-1775 °C) (12);

(1) metals with medium melting point (630-660 °C)

(3); and

(iti) metals with low melting point (29-450°C) (8).

This classification is justified by the experimentally
established relationship between the melting point of
the metal and the ability of compound formation at
room temperature. It fits well in the classification
made earlier [ 106, 107] on the basis of the relationship
between the melting point of the metal and the grain
size of the microcrystals in the evaporated thin film.
The metals were then divided into three groups:
“I — with m.p. above 1900°C. Il — with m.p. between
600 and 1900 °C and II1 — with m.p. below 650°C”. It
was established that grain size of the crystals in the
evaporated thin films generally increases with decreas-
ing melting point of the metal. These results indicate
that melting points of the metal and grain size of the
crystals in the film influence compound formation in
the metal couples.

The metals with medium melting point (aluminium,
magnesium, antimony) are those capable of compound
formation with high-melting metals (Al + Au form
Au,Al and AuAl,) with low-melting metals (Mg + Ga
form Mg,Ga and Mg,Gas), or with both groups of
metals (Sb + Au form AuSb,; Sb + Cu form Cu,Sb,
Sb + Pd form PdSb and Sb + Ga form GaSb). There-
fore, they may be considered as the “metals in the
intermediate region” and a natural boundary between
the low-melting and high-melting metals. The range of
their melting point (630-660°C, or perhaps melting
points from ~ 600 °C to ~700°C) can be considered as
the “range of intermediate temperatures”.

4.1.1. Number and characteristics

of compounds formed
Table XLIV shows that room-temperature compound
formation takes place in 39 couples. In 23 couples,
a single compound is formed, and in the remaining 16
couples more than one (two, three, or four) com-
pounds are formed.

The available experimental materials and the
necessary literature data are-assembled in two tables:
Table LXI refers to the couples with a single
compound, and Table LXII refers to those with more
than one compound formed at room temperature.

Out of 23 couples in which a single compound/
couple is formed, at room temperature, the respective
phase diagrams allow, in 17 of the couples, more than
one compound (or phase) [4]. In the majority of these
17 couples (Table LXI), compounds formed have the
lowest melting point in the couple and at the same
time the highest concentration of the low-melting
metal in the couple.

TABLE LXI Data relative to couples in which only one
compound/couple is formed at room temperature

Couple Concentration Compounds formed
Metal range studied
A-B (wt % B) Formula m.p. ("C)
4] [4]
Ag-Ga 18-75 &' (AgiGa) 425 ab
Ag-Sn 1575 £ (Ag;Sn) 430 ab
Au-Sb 9 86 AuSh, 460
Au-Te AuTe, 464 ab
Cd-Te 34-70 aCdTe 1098
Cu-Ga 15-68 v {CuGa) 254 ab
Cu-In 15 85 Culn 310 ab
Cu-Sb 23-75 1 CuSb, 586 #
Cu-Sn 20-85 n' (Cu,sSns) 189 ab
Cu-Zn 26--83 CuZn, 598 b
Ni-Ga 30-90 NiGay 363 ab
Ni--Sn 40-73 NiSn 795 a-b
Ni;Sn, [8]
Ni-Te 69-81 NiTe, 2
Pb Te 15-60 PbTe 924
Pd--Bi 37- 80 PdBi, 380 2
Pd -Ga 26-60 PdGas, 200 b
Pd-In 2652 Pdin, 664 ab
Pd- Pb 46-79 PdPb, 474 @
Pd-Sb 40- 54 PdSb 805
Pd-Te 38-71 PdTe, 752 ab
Pt-Pb [8] PiPb, 360 b
Pt--Sn (8] PtSn, 522 ab
Sb-Ga 27-47 aGaSh 712

* The compound has maximal concentration of low-melting metal
in the couple.

® The compound has lowest melting point in the couple. The
compounds in italics are those only known according to the respec-
tive phase diagrams [4]. In the couples studied (except Pd-Bi and
Pd-Pb), compounds are formed for all concentrations investigated.

Out of 13 couples with two or three compounds/
couples formed at room temperature (Table LXII), the
first-formed compound has the lowest melting point in
eight couples and the highest concentration of the
low-melting metal, also in eight couples.

Table LXI gives in the parentheses the formulae of
the compounds designated in the phase diagrams [4]
with Greek characters only.

4.1.2. Sequence of compound formation
The time at which evaporation of the upper layer has
been stopped is taken as an approximate beginning of
the reaction of compound formation in a metal
couple.

If only one compound in a couple can be formed,
and constituent concentrations are in the stoichio-
metric ratio, the reaction is finished when both con-
stituents are completely consumed. In such a couple
this compound is stable for a very long time.

If a number of compounds in a couple can be
formed, the situation is as follows. When one of the
constituents is in excess, the process can continue by
the reaction of the first-formed compound with this
constituent. The reaction can continue until the con-
stituent in excess has been consumed and until the
conditions for formation of new compounds exist. The
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TABLE LXII Data relative to couples in which more than one compound/couple is formed at room temperaturc

Couple Concentration range Compounds formed
studied (wt % B)

Metal Formula [4] m.p. ("C) [4] Sequence

A-B of formation

{a) Couples with two compounds

Ag In 11-80 LTAgIn, 60120 [6] 1 a-b
Ag,In 315 2

Ag Te 35-78 aAg,Te 145 1 b
aAgsTe; [108] 265 2

Au Al 3-58 Au,Al 575 1
AuAl, 1060 2

Au--Cd 15-71 £(AuCdy;) 270 1 b
BlAuCd) 629 2

Cu Cd 25-90 v (Cu,Cdy) 547 1
¢ (CuCdy) 397 2

Mg-Ga 45-85 Mg,Gas 203 1 ab
Mg,Ga 441 1

Ni In 39. 82 [.TNi,In; ? | b

Pd-Sn 27-82 PdSn, 295 1 b
PdSn;, 345 2

(b) Couples with three compounds

Ag-Cd 39-76 ¢ (AgCd;) 590 1 #
7 {AgsCdg) 640 2
B (AgCd) 736 3

Ag-Zn 38 64 & (AgZn;) 631 1 o
B (AgZn) 710 2
w (AgsZng) 661 3

Au-Pb 2485 AuPb; 221.5 1 b
AuPb, 253 1
Au,Pb 434 2

Au Zn 10-83 v, (AuZngy) 520 | :
/" (AuZn) 758 2
? (AuzZn) ? 3

Cu Te 20 85 Cu;Te 317 1 b
Cu,Tes 360 1
CuTe 407 2

Note: In the couples Au-Ga, Au- In and Au -Sn with four compounds/couples formed, all the existing compounds are formed rapidly and
practically at the same time. The presence of a number of compounds in the couple speeds up their formation and practically annihilates the

influence of melting point on the sequence of their formation.

results of experiments on many couples indicate the
following regularities.

(i) An excess of one of the constituents is present and
the reaction leading to the compound richer in it can
take place at room temperature. This compound can
be formed, as well as the following compound still
richer in the constituent if this exists. The reaction
ends when the constituent has been consumed. Both
variants, with an excess of the high-melting or low-
melting metal, are possible.

(i1} An excess of one of the constituents is present,
but the reaction leading to the compound richer
in it cannot take place. The reason is that no such
compound cxists at all, or it does not exist at room
temperature.

After excluding the Mg-Ga couple, in which both
compounds formed are unstable and disappear, the
remaining 15 couples (Table LXI1) can be divided in
three groups according to the compounds formed
during the first day, for all the constituent contents.

(a) First-formed compound having a maximum con-
centration of low melting metal. An example is the
Au—Zn couple, in which the AuZn; compound is for-
med first, for any concentration studied (Table X VII).
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The AuZn compound is formed initially in 2 days only
in the specimen containing 27 wi% Zn. However, the
appearance of AuZn represents probably part of the
transformation process. because this concentration is
approximately the stoichiometric valuc for AuZn. The
transformation occurs according to the expression.

AuZn; + 2Au = 3AuZn (34)

and over 6mon AuZn is formed in all the specimens
containing less than 50 wt % Zn [5]. By following the
transformation process, the formation of the Au;Zn
compound has been observed after 8 y in the specimen
containing 10-wt % Zn [29]. The transformation oc-
curs according to the expression

AuZn + 2 Au = AusZn (35)

The X-ray reflections due to gold, AuZn and AusZn
are observed in the diffractogram. The reaction is
finished, although excess gold is present, because no
compound containing morc gold than in AusZn is
known in the Au—Zn system [53].

Thus, the transformation always takes place if an
excess of the noble metal (gold) is present, leading to



the formation of compounds containing a progres-
sively lower content of the low-melting metal. An
excess of the low-melting metal (zinc) in the specimens
with 56%-83% Zn would not change the situation,
because no compound containing more zinc than in
AuZn; 1s known.

Transformations in the Ag-Cd, Ag-In, Ag—Zn,
Au-Cd, Au-Ga, Au-In, Au-Pb and Pd-Sn couples
proceed in the same manner. Thus the following re-
marks are necessary. In the Ag~Zn couple [5], AgZn;,
transforms first to AgZn and then the remaining
AgZn, transforms to AgsZng. In the Au-In couple,
Auln, formation is not observed during the first day
in the specimens containing 3.4-7 wt% In, because
transformation to Auln has after several hours al-
ready taken place in this case.

(b) First formed compound having a minimum concen-
tration of low-melting metal. An example is the Ag-Te
couple, in which Ag,Te 1s formed during the first day
(Table VII). In the specimens containing 44 and
54 wt% Te, AgsTe; formation is a part of the trans-
formation process, which takes place according to the
expression

SAg,Te + Te =2AgsTe, (36)

Thus AgsTe; is formed over 6 mon in the specimens
containing more than 35 wt% Te (35 wt% Te is ap-
proximately the stoichiometric value for Ag,Te). The
transformation process is then finished, because there
is no compound with higher tellurium content than in
AgsTes.

Transformations in the Au—Al, Cu—-Cd, Cu-Te and
In—Ni couples proceed in the same manner. It should
be mentioned that in the Au-Al couple, aluminium is
the low-melting metal (with respect to gold). In the
Cu-Te couple, the transformation Cu,Tes +
2 Te = 7CuTe takes place after several days, while the
transformation Cu;Te + 2 Te = 3 CuTe has only been
observed more than a decade later.

{¢) Both compound types (a and b) can be formed.
The only example is the Au-Sn couple, in which all
four compounds can be formed during the first day
(Table XVI). In this case, in the specimens containing
an excess of gold. AusSn will be formed. In the speci-
mens containing an excess of tin, AuSn, and AuSn,
are formed, their relative content depending on the tin
concentration. Thus, both the previous cases can
appear in this case.

Examination of the specimens containing 45, 53, 58,
73 and 82 wt% Sn was repeated 14y later. In the
specimen containing 45% Sn, the AuSn and AuSn,
compounds have been identified. This happens
because the tin concentration is between the
stoichiometric values for these two compounds. In the
specimen containing 53% Sn, no change with respect
to the original state has taken place because this
concentration is close to the stoichiometric value for
AuSn, (54.62 wt% Sn). In the specimen containing
58% Sn, AuSn, has disappeared and AuSn, has re-
mained, again because this concentration is close to
the stoichiometric value for AuSn,. In the specimens
containing 73 and 82 wt% Sn, no change occurred.
Although the latter specimen contains more tin than

the former one, no reaction has occurred because no
compound exists with higher tin content than in
AuSn,.

4.1.3. Constituent concentration ranges

in which compounds are formed
The phase diagrams [4, 45, 53, 109, 110} and the
majority of the handbooks contain chemical formulae
of the compounds and designation of the phases, but
do not always give the concentration ranges in which
the compounds are present. The only available hand-
book containing such data is Smithell’s book [111].
Therefore, this review paper has been used to compare
the concentration ranges in which compounds formed
in thin-film couples at room temperature appear, with
concentration ranges in which the same bulk com-
pounds appear according to the phase diagrams. It
should be mentioned, however, that the Smithell’s
book does not contain data about all the compounds
known to date.

It has been observed that the extent of the range in
which the compounds are formed becomes changed in
some couples during the reaction. The aim of this
analysis is to determine the scope of these changes for
the couples and compounds formed, as well as to find
out how much the width of the range of compound
formation at the end of the reaction corresponds to
that given in the phase diagrams, i.e. in Smithell’s
book.

4.1.3.1. Formation of one compound/couple. In 17
couples, only one compound is formed at room tem-
perature (Table LX), although more compounds exist
according to the phase diagram [4]. In 15 out of 17
couples the compound is formed in the whole investi-
gated constituent concentration range (Pd-Bi and
Pd-Te are exceptions). The extent of the concentra-
tion range does not change during the reaction, even
after 10--15y.

4.1.3.2. Formation of more than one compound/
couple. The couples in which four compounds are
formed at room temperature, are best suited to follow
the scope of the concentration ranges in which the
compounds are formed at the beginning and at the
end of the reaction. The concentration ranges in which
the compounds are formed are indicated by horizontal
lines (Fig. 6). For each compound, the situation on the
first day and at the end of the reaction is presented, as
well as the situation for the same couple correspond-
ing to the bulk (according to Smithell’s [111]). It can
be seen from Fig. 6 that the AuGa, and Auln, com-
pounds are formed during the first day in all the
specimens, ie. for any concentration. The remaining
compounds are formed in broader concentration
ranges than those corresponding to the bulk samples.
It can be said that, as in the case of only one com-
pound formed in the couple, all compounds tend to
form for all constituent concentrations. Because of the
transformation, the concentration range in which each
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Au-Ga Au-In Au-Sn
1-3d 1d 1d
Au,Ga, AugSn
Au,Ga — Au,ln, AuSn
AuGa Auln AuSn,
AuGa, Auln, AuSn,
L 1 1 ] 1 1 1 1 L ul 1 J
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Figure 6 Constituent concentration ranges (wt% B) in which compounds arc formed (for the couples in which four compounds are formed)
: (a) beginning of the reaction; (b) end of the reaction; and (c) the phase diagram.

compound is formed becomes considerably contrac-
ted during the reaction. After the reaction has been
completed, overlapping of the concentration ranges
for different compounds in the given couple, mostly
disappears. For a given couple, concentration ranges
in which different compounds are formed form, with
a little overlapping, a succession. A rather good agree-
ment is obtained when the concentration ranges in
which the compounds are formed at the end of the
reaction are compared to the corresponding phase
diagrams from Smithell’s book. This shows that the
state in thin-film specimens after the reaction comple-
tion corresponds rather closely to that of the bulk
samples molten in a tube.

A similar behaviour is found for the couples Ag—Cd,
Ag—7Zn, Au-Pb, Au-Zn, Cu-Te in which three com-
pounds/couples are formed. It should be pointed out
that the phenomenon found for the couples forming
four compounds has also been observed here, al-
though results are not so impressive. The compounds
formed during the first days in a wide concentration
range, are reduced to a narrower range after the reac-
tion has been completed. With a certain overlap, these
ranges touch each other.

In the Ag-In, Ag-Te, Au-Al, Au-Zd, Cu-Cd,
Ni-In, Pd-Sn couples, two compounds/ couples are
formed. The results obtained are more convincing
than for the couples with three compounds.
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4.1.4. Rate and total reaction time

The reaction consists of two parts: (a) the formation of
the first compound, and (b) the transformation of the
first-formed compound to the other compound or
compounds (if more than one compound exists in this
couple). The reaction can stop for several reasons:
because one or both constituents have been con-
sumed, or because a barrier between the compound
formed and one of the constituents has developed.
The duration of the reaction depends on several
factors: the rate of interdiffusion of the constituent
metals, the specimen thicknesses and constituent
concentrations.

Under the reaction process we shall not consider
either the processes due to weathering (formation of
compounds under atmospheric action), or the de-
composition reactions due to long ageing, followed by
amorphization.

The data relevant for discussion of factors cited on
the reaction time are:

(1) the time to observe the first-formed compound,

(i1} the time to observe the second-formed com-
pound (first transformation);

(ii1) the time consumed before the reaction is
finished.

Two tables have been made of the so-far existing
experimental data. Table LXIII contains the data for
19 couples in which one compound is formed, and in



Table LXIV the data are presented for 16 couples in
which more than one compound is formed. For the
Au-Te, Pt-Pb, and Pt-Sn couples, investigated by
other authors, as well as for the Pb—Sb couple, the
existing data are not sufficient.

4.1.4.1. Time elapsed before first-formed compound
was observed. It can be seen from Table LXII1 that in
the majority of the couples with one compound (10 of
19) this was observed during the first day. In the
remaining couples, the compound was observed with-
in 1wk (four couples), within 2 wks (four couples), or
within 7 wks (one couple). As far as the couples with
more than one compound are concerned (Table
LX1V), the first-formed compound was observed dur-
ing the first day in 12 couples, and within 1 wk in four
couples.

It can be concluded from the above data that forma-
tion of the first compound takes place rapidly. It is
somewhat more rapid in the couples in which more
than one compound is formed (the compounds are
formed during the first day in 75% of the couples),
than in the couples with one compound (during the
first day the compounds are formed in 52.6% of the
couples). The couples in which more than one com-
pound is formed are more reactive and the process of
the first compound formation is also more rapid.

4.1.4.2. Time elapsed before second and third com-
pound were observed. The transformation process of
the first-formed compound into the second one is
somewhat slower than the process of the first com-
pound formation. In 10 out of 16 analysed couples
(Table LXIV) the transformation takes place within
2 d. In one couple, the transformation is observed after
1wk and in three couples this occurs after 1-3 mon.
Only in the Au-Al couple is formation of the second
compound observed after 3 y. For the Au-Sn couple,
the time of transformation cannot be defined in this
manner. In five couples it is possible to measure time
of formation of the third compound. In the couples
Ag-Cd, Ag-Zn, Au-In, Au-Pb it extends from
1-4 mon, and in the Au-Zn couple it is identified
after 8 y.

4.1.4.3. Time elapsed before reaction is finished. In
order to compare time intervals within which the
reaction in different couples stops, it is desirable to use
the specimens with approximately equal thicknesses.
Beside other factors (e.g. the interdiffusion coefficient),
the duration of the reaction then depends on the
constituent concentrations.

Tables LXIII and LXIV present the longest and the
shortest duration of the reaction, as a function of
constituent concentrations and stoichiometric values
of the compounds formed. For certain constituent

TABLE LXIII Reaction progression in couples with a single compound formed

Couple Compound formed Total reaction time Stoichiometric
value of compound

Metal Total Formula Observed (d) Ended within For wt% B formed (wt% B)

A-B thickness (nm)

Ag-Ga 172-192 Ag;Ga 1 < 8.5 mon 17.5-24 17.5
1d 39-75

Ag-Sn 170-210 Ag;Sn 1 6 mon 15-27 25
2d 75

Au-Sb 100-260 AuSb, 8 > 3 mon 43-86 56
1.5 mon 17.5-25.7

Cu-Ga 180190 CuGa 1 900 d 15-52 52
2d 62-68

Cu-In 176-200 Culn 1 10d 70 65
1d 15-46

Cu-Sb 175-220 Cu,Sb? 51 b

Cu-Sn 183-189 CugSng 1 3 mon 50 61
1d 85
5d 20

Cu-Zn 185-187 CuZn, 1 10d 26-62 83
1d 83

Ni-Ga 147-176 NiGa, 1 3-5mon 44.3-90 82.6

Ni-Sn 171-183 NiSn 10 >4 mon > 50 67

Ni-Te 180-185 NiTe, 9 > 7 mon 68.5-81.3 81.3

Pd-Bi 150-550 PdBi, 2 ¢ 37-80 79

Pd-Ga 200-450 PdGas 1 ¢ 26-60 77

Pd-In 130--300 Pdln, 2 ~2mon 26.4-51.8 77

Pd-Pb 195-520 PdPb, 1 1.5-3mon > 60
1-4d < 60

Pd-Te 185-580 PdTe, 5 ¢ 77

Sb-Ga 160-187 GaSb 7 9 11y 37 37
2.5 mon > 50

Cd-Te 170--200 CdTe 15 = 8§ mon 53.2 53.2

Pd-Te 100-200 PdTe 1 2 77

*The influence of the atmosphere is noticeable in the investigated time.
b Reaction ended after 5-8 mon for all antimony concentrations, even with excess of copper and antimony.

* Process not ended within the investigated time (about 2-3 mon).
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TABLE LXIV Reaction progression in couples with more than onc compound/couple formed

Couple First-formed Second-formed Total reaction time Stoichiometric
compound compound value of compound
according to sequence
Metal Total Formula Observed Formula Observed Ended For of formation (wt% B)
A-B thickness (d) (d) within ~wt% B
(nm) I 11 IT1 v
Ag-Cd 850-904 AgCd, i AgsCdy 1 > Smon 51 76 62 51
14d 76
Ag-In 180--215 LTAgIn, 1 Ag,In 2 < 9mon 26-35 69 34
< 5d <25
> 50
Ag-Te 187-197 Ag,Te 1 AgsTe; i 6 mon 44 37 42
1d 35,54
Ag Zn 665-1265 AgZn; | AgZn > 6 mon 38-64 64 38 50
Au-Al 75-170 Au,Al 4 AuAl, <3y <3y 11-58 6 22
> 2mon 3-6
Au Cd 130 217 AuCd; { AuCd 8 2.5 mon = 51 63 37
1.5 mon < 36
Au-Ga 150-760 AuGa, 1 AuGa 1 ly 5-40 42 26 17 12
Au,Ga 1 1d = 60
Au-,Ga, 1
Au-In 85- 400 Auln, 1 Auln 1 54 37 20 i3
Auyln, 1
Au-Pb 37-300 AuPb; 1 Au,Pb 30 >60d 2444 76 68 35
15-30d 67 -85
AuPb, 1
Au-Sn 215-480 AuSny 1 ~ 12mon 24-32 70 55 37 10
AuSn, 1 ~ 12mon 6573
AuSn 1 Id 313
AusSn 1 1d 37-58
Au-Zn 216- 350 AuZn; 1 AuZn 2 8y 10 50 25 10
2-3mon 15--83
Cu Cd 120-220 Cu,Cd, 2 CuCd, 30 >90d 90 57 84
< 60d 25-85
Cu-Te 182195 Cu,Tes | CuTe 2 3Imon 60-85 40 58 67
Cu;Te 1 < 13d 20-50
Mg-Ga 175-188 Mg,Ga 1 Mg,Gs 1 58 88
Ni In 180-184 LTNi,In; 2 Nioln,- 90 = ly 82 75 84
3mon 39
Pd Sn 170-800 PdSn, 6 PdSn; 48 > 3 mon 76-82 82 76

Remarks. Third-formed compound in the couple: in the Ag—Cd couple, AgCd was observed after 40d; in the Ag Zn couple, AgsZng was
obscrved after 60d; in the couple Au In, Augln was observed after 1.5mon; in the Au-Zn couple, Auy;Zn was observed after 8y.

concentrations, one or a few days are often a sufficient
time interval needed for the reaction completion.
However, in a number of cases, several months are
necessary. No particular regularity could be observed
in this respect.

The time within which the reaction is completed
for all the constituent concentrations of a given
couple is considerably more interesting. A compound
is formed only for the concentration noted. In 10 out
of 11 couples in which one compound/couple is for-
med, the longest reaction time is found for the speci-
mens with a stoichiometric ratio of the constituents.
For cight couples, the reaction time could not be
established. The reasons are as follows. In five couples
the reaction was not finished within the investigated
period. In two couples the compound formed only for
stoichiometric concentration of constituents, and in
one couple the reaction was interrupted by a barrier
formation.

In five out of eight couples in which two com-
pounds/couples were formed, the longest reaction
time was found for the constituent concentrations
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representing stoichiometric values of the second com-
pound. For the remaining three couples, the reaction
time could not be established.

In four out of five couples in which three com-
pounds/couples were formed, the longest reaction
time was found for the specimens with constituent
concentrations corresponding to the stoichiometric
values of the third compound formed. For the fifth
couple, the process lasted for a very long time and it
suffered from side phenomena.

Because of the complexity of the process, no such
analysis could be made for any of the four couples in
which four compounds were formed.

It was found that in about four out of five of the
couples, the longest reaction time was needed for the
constituent concentrations equal to the stoichiometric
values. This happens for the last compound formed in
a given couple (i.e. the first formed for the couple in
which only one compound is formed, the second one
for the couple in which two compounds are formed,
and the third one for the couple in which three com-
pounds are formed).



TABLE LXV Thin-film metal couples in which no compound was formed at room temperature

(a) Onc metal has high m.p., the other has low (or medium} m.p., but potential compound has high m.p.

Au-Mg, Co-—-Al, Co -Ga, Co-1In, Co Mg, Co--Sb, Co-Te, Cr-Al, Cr—Ga,
Cr-Sb, Ge-Mg, Ge-Te, Mg—Bi, Mg-Sn, Mn Al Mn-Bi, Mn -In, Mn-Sh,
Mn-Te, Ni-Al, Ni-Mg, Pd Zn, Sm-Al, Sm-In, Sm-Mg, Sm-Pb, Sm-Sb,
Sm-Sn, Sm Te, Sm-Zn

(b) Both metals have high m.p.

Ag-Sm, Au—Cu, Au-Ge, Au-Mn, Au-Sm, Co-Cr, Co Ge, Co Sm, Cr Ge,
Cr-Mn, Cu-Ge, Cu Mn, Cu--Sm, Ge-Mn, Ge—Ni, Ge-Sm, Mn-Ni, Mn-Sm,
Ni Sm

(c) Both metals have medium m.p.

Al-Mg, Al-Sb, Mg Sb

(d) Both metals have low m.p.

Bi-In, Bi Te, Ga Te, In Sn, In-Te, Sn-Te, Te-Zn.

(e) One metal has medium m.p., the other has low m.p., and potential compound has low m.p.

Al-Te, Al Zn, Cd-Sb, In-Sb, Mg Cd, Mg In, Mg-Pb, Mg Te, Mg Zn,
Sb-Sn, Sb-Te, Sb-Zn

(fy One metal has high m.p., the other has low (or medium) m.p., and potential compound has low m.p.

Ag- Al Ag-Mg, Ag-Sb, Au-Bi, Co-Sn, Co-Zn, Cr-Sn, Cr-Te, Cr-Zn,
Cu-Al, Cu-Mg, Mn-Ga, Mn Sn, Mn -Zn, Ni-Bi, Ni--Cd, Ni Sb, Ni-Zn,
Pd—Cd, Sm-Cd, Sm-Ga

4.2. Couples in which no compound
formation takes place

The results of experimental investigations are assem-

bled in the Table LXV.

4.3. Formulation of rules

4.3.1. Analysis of results obtained

It was found experimentally that at temperatures
above room temperature, onc or more compounds
were formed in a number of metal -metal couples. On
the basis of reliable data. Walser and Bené [67] for-
mulated a rule concerning the first-formed compound
in the silicon—transition metal interfaces: “the first
compound nucleated in planar binary reaction
couples is the most stable congruently melting com-
pound adjacent to the lowest-temperature eutectic on
the bulk equilibrium phase diagram” Later Bené
[112] extended this rule to thin-film metal-metal
couples.

Experimental data from some published articles
indicate that in thin-film metal-metal couples, com-
pounds with higher concentrations of low-melting
metal are formed at lower temperatures, while com-
pounds with a lower concentration of these metals are
formed at higher temperatures. There are a number of
examples. In the thin-film Cu-In couple, Culn is for-
med at room temperature [50], Cu,Ing at 200°C
[51], while Cugln, and Cu-In, are formed at 400 "'C
[50]. In the Cu-Al couple, CuAl, 1s already formed at
200°C [113]. In the couples of gold with titanium,
zircontum and niobium at about 400°C, Au,Ti,
AuyZr, and Au,Nb, are formed respectively, but at
higher temperatures the compounds with lower con-
centrations of the lower-melting metal (gold in this
case) are formed [114]. In the Cr-Al couple, CrAl, is
formed at 300 450°C [115], in the Pt-Al couple
Pt,Al; is formed at 225-550°C [116], but in the
Pd-Al couple Pd,Al; is formed at 200-450°C [117].
Liet al. [118] found that in the Cu-Mg couple CuMg,
is formed at 275 °C, but Cu,Mg is formed at 400 °C; in

the Cu—Pt couple Cu;Pt is formed, and Cu;Pd is
formed in the Cu-Pd couple. The first-formed com-
pound is again that containing the highest concentra-
tion of the lower-melting metal (in the first case it is
magnesium, but in the second and third one, it is
copper), D’Heurle and Ghez [119] formulated a rule
which explains such a behaviour: in systems where one
of the reactants, A, has a much higher diffusion coeffi-
cient (in the pure state) than the other, the first phase
to grow should be a phase rich in A. This rule will be
most valid as the differences in diffusion coefficients
or, for that matter, melting points, between A and
B are great.

Some authors [120, 1217 related compound forma-
tion to effective heat of formation model. On this basis
they even predicted which compound will be the first-
formed one: “the first-compound phase to form during
metal-metal interaction is the phase with the most
negative effective heat of formation (AH’) at the
concentration of the lowest temperature eutectic
(liquidus) of the binary system™ [ 120]. Pretorius et al.
[120] confirmed that rule for a large number of thin-
film metal couples at elevated temperatures. One can
see that n all cited couples, the first-formed (or the
only-formed) compound has the highest concentra-
tion of the lower-melting metal in the corresponding
couple.

The rules regulating compound formation at room
temperature were not formulated until now, because
of the lack of published data. Partial findings never-
theless exist. Tu and Rosenberg [8] found that in the
couples of platinum, palladium or copper with tin or
lead, compounds with the highest concentrations of
the low-melting metals (tin, lead) were formed. Simi¢
and Marinkovi¢ found that in the couples Ag—Me [6].
Au- Me [29] and Cu—Me [47] the compound formed
had the lowest melting point (m.p.) in the correspond-
ing couple.

Now we have sufficient data about formation (and
the absence of formation) of compounds at room
temperature. These results are collected in tables LXI,
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LXII and LXV. From 131 examined couples, com-
pounds were formed in 39, while no compound forma-
tion was detected in the remaining 92 couples. The
compounds were formed mainly in the couples in
which one metal is high-melting and the other is
low-melting.

A considerable influence on compound formation is
also exerted by the melting point of the compound.
The majority of compounds formed do not have
a high melting point. This is a consequence of the fact
that a high compound melting point will almost al-
ways correspond to low diffusion coefficients of the
metals involved and sluggish compound formation
rates [90, 119].

On the basis of the experimental results mentioned,
it can be concluded that, for optimum compound
formation, the following conditions should be fulfilled:
one metal with a high melting point, the other with
a low melting point (one of the metals in the couple
can also be medium melting), and the compound for-
med not with a high melting point. These conditions
are fulfilled in 33 out of 39 couples in which com-
pounds are formed at room temperature. The excep-
tions are four couples (Ga--Sb, Ni-Sn, Pd-Sb, Pd-Te)
in which the compounds formed have high melting
points. In addition, in two couples (Cd-Te, Pb-Te)
with both low-melting metals, the compounds formed
(CdTe, PbTe) have high melting points. These com-
pounds are semiconductors.

In 33 out of 39 couples (four out of 5) all conditions
for compound formation are fulfilled, and compounds
have been formed. In 59 out of 92 couples (two out of
three) all conditions for no compound formation are
fulfilled, and no compound has been formed. In 33 out
of 92 couples without any compound formed, for some
potential compounds there are no existing data about
melting point, or these compounds are not stable at
room temperature (4].

4.3.2. Formulated rules
On the basis of the experimental results and analysis
presented, the following rules can be formulated.

In thin evaporated film metal couples at room tem-
perature:

(1) compounds are formed if one metal in the couple
has a high melting point, the other metal has a low
melting point, while the compounds formed do not
have high melting points (one metal in the couple may
have a medium melting point);

(i1) no compound formation occurs in the above
case if potential compounds have a high melting point;

(1it) no compound is formed if both metals in the
couple have melting points in the same temperature
range;

(iv) the compound formed (or the first-formed one
when more than one compound is formed) will be the
one with lowest melting point or with the highest
concentration of the low-melting metal in the respect-
ive couple.

5. Action of atmosphere on metals
and metal couples
5.1. Action of atmosphere on evaporated
thin metal films

The action of atmosphere on evaporated thin films of
20 metals were investigated. These were Ag, Al, Au, Bi,
Cd, Co, Cr, Cu, In, Ga, Ge, Mg, Mn, Ni, Pb, Sb, Sm,
Sn, Te and Zn. The films, 120 nm thick, were prepared
at room temperature by evaporating the metals in
vacuum on glass substrates. The films were stored
under normal laboratory conditions. The behaviour
of the films was followed by the XRD for 15y. All the
films, except gallium, were found to be polycrystalline.

Prolonged ageing results in the formation of oxides,
carbonates, and hydroxides in 10 of the 20 investi-
gated metal films (Table LXVI). Some of the products
of oxidation that could not be identified by means of
the available ASTM cards, are designated by (X).

It is of utmost importance whether the products of
oxidation appear on a metal film, thus changing its
characteristics, while the question of whether one or
more oxides are formed is less significant.

5.2. Action of atmosphere on thin film metal
couples
5.2.1. Evaporated thin film metal couples
in which no compounds are formed

The action of the atmosphere was followed during
prolonged ageing on 91 thin-film couples prepared by
combining the 20 investigated metals. The total thick-
ness (of both films) in the couples was approximately
the same for all constituent concentrations. This
means that the higher the metal concentration, the
higher the film thickness; and vice versa.

The changes were followed over the course of 15y.
No reaction between the two metals in these couples
took place and consequently no compounds were for-
med, although such compounds exist according to the

TABLE LXVI Influence of atmosphere on cvaporated thin metal films after 15y of ageing. X, unidentified compound

Metal film Products of ASTM data Metal film Products of ASTM data
oxidation [3] oxidation [3]

Ag Ag,O 12 0793 Mg Mg(X)

Bi Bi, O, 29-0236 Mn MnO(OH) 18--0804

Cd Cd(X) Ph PbCO, 5-0417

Pb(X)

Cu Cu,O 5-0667 Sb Sb,0, 5 0534
CuCOy; 27-0150

In In,0, 22 0336 Sm Sm(OH) 4 6-117
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TABLE LXVII Evaporated thin film metal couples in which no compounds are formed

Ag Al, Al-Co, Al-Cr, Al Mn, Al-Ni,
Au-Cu, Au-Ge, Au Mn, Bi Ni, Co-Cr,
Co Sb, Co Sn, Co Te, Co-Zn, Cr-Ga,
Cr-Te, Cr Zn, Cu- Ge, Ga--Mn, Ga Te,
Mn -Zn, Ni--Sb, Ni-Zn, Sb Sn, Sb Te,.

Al-Sb, Al Te, Al Zn, Au-Bi,
Co Ga, Co Ge, Co In, Co Mg,
Cr Ge, Cr Mn, Cr-Sb, Cr Sn,
Ge Ni. Ge-Te, In-Sn, Mn Te,
Sh-Zn, Sn-Te, Te Zn.

phase diagrams, except for the Ag—Cu couple [4]. In
44 couples, products of oxidation did not appear. The
couples are presented in Table LXVIL

In 47 couples, products of oxidation appeared on
one or on both metals. These couples are presented in
Table LXVIIL.

The observation times for the metal couples
were the same as those for the individual metals
(Table LXVI). Therefore, it was not difficult to observe
that the metals behave identically toward the atmo-
sphere when they are alone or in couples (the same
products of oxidation were formed on the same metal).

Therefore, the results presented in Tables LXVI1 and
LXVIIlI may be useful to those investigating or ap-
plying thin metal films at room temperature or close
to it. There are three possible combinations of two
metal layers. Of the 91 couples, 24 couples belong to
state (a), 44 to state (b) and 23 to state (c).

State (a)- the products of oxidation are formed on
both metals, if these are alone. The products of oxida-
tion were formed on both metals in 9 couples, from 24
possible; the products of oxidation were formed only
on one of the two metals in 15 couples. When products
of oxidation were formed only on one metal film, this
was the bottom one in 11 couples, and the top one in
four couples.

State (b)- the products of oxidation are formed only
on one of the metals, if this is alone. The products of
oxidation were formed on one of the metals in 23
couples. In 21 couples, no products of oxidation were
formed, although it could be expected.

State (c}- no products of oxidation are formed on any
of the metals, if these are alone, and they were not found.

It can be seen from state (a) that the products of
oxidation were mostly formed on the bottom layer (11
couples compared to four on the top layer). The rea-
son favouring such behaviour could be supposed. In-
herent to thin films are numerous defects. The upper
layer can therefore be regarded as a sieve for the
atmospheric gases. These diffuse through it towards
the bottom layer in which they become absorbed.
There is a very small probability that the unabsorbed
gases will escape from the bottom layer back to the
atmosphere. However, the action of the atmosphere
on the upper layer has a rather two-way character.
One part of the atmospheric gases which enter the
layer can escape. Therefore, the bottom layer is more
susceptible to the action of the atmosphere than the
top one.

When, for a given couple, there were several speci-
mens with different constituent concentrations (states

a and b} it happened that for some concentrations the
products of oxidation were formed, but not for others.
For example, in the Ag-Sb couple with 13% Sb,
Sb,0O; was identified, but it was not detected in the
specimens containing 25% and 65% Sb. In the
Au—Mg couple, Mg(X) was found in the specimen with
11% Mg, only a trace of it could be found in the
specimen with 20% Mg, while no products of oxida-
tion were detected in the specimen containing 27%
Mg. These two examples show that the thinner the top
layer, the more easily the products of oxidation are
formed on it.

The same can be proved for the products of oxida-
tion formed on the bottom film. In the Cd-Sb, Mg-In
and Mn-Sn couples, in which the sum of the top and
bottom films, as usual, was approximately constant®,
the products of oxidation formed on the bottom film
were detected only when the top layer was thicker, 1.e.
when the bottom film was thinner (Table LXVIII).

A similar situation is true for the In-Sb and Mn-Ge
couples. In these couples, the products of oxidation
appear for all concentrations, but the relative intensity
of the X-ray reflections is different for different con-
centrations. Thus, in the In-Sb couple with 51% Sb,
the relative intensity of the In,O5 reflection is 52, but
it amounts to 100 in the specimen containing 64% Sb.
In the Mn—Ge couple, the relative intensity of the
MnO (OH) maximum increases with increasing ger-
manium content, i.e. with decreasing manganese film
thickness (it amounts to 9% for 29% Ge, 15% for
35% Ge, 30% for 44% Ge and 100% for 46% Ge).

5.2.2. Evaporated thin-film metal couples
in which compounds are formed

To date, 39 couples were examined in which
compounds were formed at room temperature
(Table XLIV). The action of the atmosphere during
prolonged ageing was studied on 29 couples. The
remaining ten couples were studied for too short
a time (seven Pd—Me couples up to 4 y [46], two
Pt—Me couples for 2 3 wks [87] and the Au—Te couple
for ty [43]). In 15 out of 29 couples, there was no
appearance of products oxidation in 10-15 y invest-
igation. In seven of these 15 couples (Al-Au, Au—Ga,
Au-Sn, Au-Zn, Ga—Ni, Ni-Sn, Te-Ni) the products
of oxidation could not appear because they were
composed from the metals stable to the action of the
atmosphere. In another seven couples (Ag—Ga, Ag-Sn,
Ag Te, Au In, Cu Zn, Ga Sb, In Ni), products of
oxidation could appear on one metal, and in the

*The total thickness (of both films) in the couples was approximately the same, and therefore a higher concentration of one metal mecans

a higher thickness of the respective film; and vice versa.
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TABLE LXVIII Influence of atmosphere on evaporated thin-film metal couples in which no compounds are formed (the metal

concentrations are rounded up within 1wt %)

Metal film Wt% Products of oxidation identified after
in couple of top
ilm
Bottom Top ly 10-15y
Ag Cu 25 0 Ag,0
Ag Mg 7,18,40,60 0 Mg(X)
Ag Sbh 13 0 Sb,0,
25,65 0 0
Ag Sm 36,51 0 Sm(OH);
Cu Al 17,29.46 0 Cu,O
Al Mg 50 0 Mg(X)
Al Sm 58,85 0 Sm(OH),
Au Mg 11 0 Mg(X)
20 0 Mg(X) (trace)
27 0 0
Au Sm 21.43,66 0 Sm(OH);
In Bi 48 0 Bi,O,, In,0,
65 Bi,0; (trace); In,O5 (trace) Bi,0;, In,0;4
Mg Bi 58 0 Mg(X)
Mn Bi 79 MnO(OH) MnO(OH)
Bi Te 18,2548 0 Bi,0;
Mg Cd 60 Cd(X) Cd(X),Mg(X)
82 Cd(X) Cd(X),Mg(X)
Ni Cd 67,89 Cd(X) Cd(X)
Cd Sb 42 0 0
52,75 0 Cd(X)
Sm Cd 42,74 Sm(OH); Sm(OH);, Cd(X)
Sm Co 44 0 Sm(OH);
Cu Mg 46,76 0 Cu,0, CuCOj; (trace), Mg(X)
Cu Mn 22 0 Cu,O (trace)
Cu Sm 42,7091 0 Sm(OH);
Sm Ga 14,47 0 Sm(OH),
Mg Ge 60 0 Mg(X)
Mn Ge 29,35,44.46 0 MnO(OH)
Sm Ge St 0 Sm{OH),
Mg In 41 0 0
65 0 Mg(X)
Mn In 31, 51 MnO(OH) MnO(OH)
In Sb 51 0 In,0,
64 In,O;(trace) In,0;
In Sm 26 4} In, 0,
In Te 36,53 0 In,04
Mg Ni 55,83 0 Mg(X)
Mg Pb 81 0 Mg(X), PbCO;
Mg Sb 77 0 Mg(X)
Mg Sm 86 0 Mg(X), Sm(OH);
Mg Sn 79 0 Mg(X)
Mg Te 75 0 Mg(X) (trace)
Mg Zn 45,84 0 Mg(X)
Mn Ni 48 MnO(OH) (trace) MnO(OH)
Mn Sb 42,62 MnO(OH) MnO(OH), Sb,0;
Mn Sm 58 0 MnO(OH), Sm(OH),
91 0 MnO(OH) (trace), Sm(OH);
Mn Sn 42 0 0
52,81 MnO(OH) MnO(OH)
Sm Ni 44 0 Sm(OH),
Sm Pb 80 Sm(OH); (trace); PbCO; (trace) Sm(OH);, PbCO;
Sm Sb 11 Sm(OH), Sm(OH),
Sm Sn 70 0 Sm(OH),
Sm Te 44,58 0 Sm(OH); (after > 2y)
Zn Sm 70 0 Sm(OH);

couple Ag-In on both metals, but it did not occur.
Table LXIX contains the results of investigation of 14
remaining couples after long ageing. As can be seen,
the 14 couples, composed of the metals on which the
products of oxidation could appear, these appeared
within 1 mon in two couples, within 1 y in six couples
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and within the period of maximum investigation
length (10-15 y) in all 14 couples.

In five couples, in which the products of oxidation
could appear on both metals, this occurred in one
couple (Cu-In), but only on one of the metals in the
three couples (Ag-Cd, Cu—-Cd, Cu-Sb) and neither



TABLE LXIX Influence of atmosphere on evaporated thin-film
metal couples in which compounds are formed

Metal film Wit% Products of oxidation identi-
in couple of top fied after
_— film?®
Bottom Top ly 10-15y
Ag Cd 34,52 0 Cd(X)
Ag Zn 35 0 Ag,O
48,67 0 0
Au Cd 36,84 0 Cd(X)
Au Pb 34,44,68 PbCO," PbCO;
Au Sb 26,56,75 0 Sb,O;
Cd Cu 75 0 Cd(X)
Cd Te 34,58,70 Cd(X) Cd(X)
Cu Ga 15 Cu,0 (trace) Cu, 0
25 0 Cu,O
Cu In 15 0 Cu,O
25,85 0 In,O;
Cu Sb 23 0 Sb,05
50 Sb,0; (trace) Sb,0;
Cu Sn 20 Cu,O Cu,O
. 50 0 Cu,O
Cu Te 20 0 Cu,O
67 0 0
Ga Mg 26,41 0 Mg(X)
Pb Te 38,60 Pb(X)® PbCO;®

*The metal concentrations are rounded up within I wt%.
YAppeared after 2--3 wks.

metal in one couple (Ag—In). In ten couples, in which
the products of oxidation could be formed on one of
the metals, this actually occurred.

As can be seen from Tables LXVIIT and LXIX, the
products of oxidation appeared in thin metal couples,
both with and without the compounds formed. The
products of oxidation are formed in gradually increas-
ing number of couples in the course of time.

In the initial period of ageing (up to 1 y) no regular-
ity can be perceived for the couples both without and
with the compounds formed. During this period, the
products of oxidation appear in a small number of
couples and it does not seem possible to anticipate in
which couple this will occur.

In the final phase (after 10-15 y), the situation is
quite different. In the couples without compounds, the
products of oxidation appear on seven of the possible
ten metals. Three groups of metal films can be distin-
guished. In the first group, oxides appear in virtually
all investigated couples (on cadmium and lead in
100% on magnesium and samarium in 94%). In the
second group of metals, the oxides appear in about
half of the couples studied (on copper in 67%, on
indium and manganese in 50%). In the third group,
the oxide appearance is more an exception than the
rule (on silver in 13% on antimony in 15% and on
bismuth in 29%).

In the couples with compounds, the products of
oxidation appear on five of the possible seven metals.
The situation is analogous to that for the same five
metals in the couples without compounds.

The number of couples with oxides with respect to
the number of couples studied, can be examined on
some examples. The increase in the number of the
couples with oxides will be followed in the initial and

the final period on bismuth and magnesium, i.e. on
metals with a small and large percentage of the
couples with oxides, respectively. The number of the
couples with oxides on bismuth has increased from
one in the initial to two in the final phase (of the six
possible), i.e. from 14% to 29%. For magnesium, an
increase from 0 to 15 (of the 16 possible) was found, i.e.
from 0% to 94%.

The situation in the final phase for all the couples
studied is as follows. In the couples without com-
pounds, on seven of the possible ten metals (70%) and
on those with the compounds in five of the possible
seven (72%), oxides appear on more than a half of the
couples studied. In other words, in nearly three-quar-
ters of the metals on which the oxides could appear,
these appeared in at least one-half, but often in much
more, of the couples studied. This is a very high
increase of the product of oxidation formation. It
follows from the above that if, on a constituent metal
in a couple, the products of oxidation can appear, the
couple without the products of oxidation is, after long
ageing, more an exception than the rule, The products
of oxidation will appear sooner or later.

After long ageing, there is no great difference in the
number of couples with the oxides formed, irrespective
of whether the compounds have been formed in the
couple, although the film configurations in these two
couple classes (with and without compounds) is differ-
ent. When there are no compounds, the metal films are
distinct entities joined to each other via a common
surface. When there are compounds formed on the
film interface, the specimen is practically a single layer.

5.3. Action of atmosphere on bulk-thin film
couples

The results relative to the compound formation in the
bulk high-melting metal-low-melting metal film and
bulk low-melting metal-high-melting metal film
couples are presented in Section 2.2, Table XLV. In
the present section, the influence of atmosphere is
analysed in the same couples during ageing up to 13y:
21 specimens, in which products of oxidation can
appear were investigated. The thickness of the evapor-
ated films was 50-100nm. After about 13y, products
of oxidation appeared only on seven couples (33%) of
the investigated specimens (on cadmium and lead bulk
and on cadmium, antimony, copper and lead films).

5.4. Action of atmosphere on metal couples
with top-sputtered film

In addition to specimens with an evaporated top film,

specimens (film—film and bulk—film) with top-sput-

tered film were also examined. Only couples with

possible oxides were studied.

The specimens of this type were prepared by
sputtering: silver on aluminium antimony and tin
films, aluminium on antimony film and copper on
aluminium, gold, cadmium, gallium, germanium, anti-
mony, tin and zinc films. The thicknesses of the evap-
orated bottom films were 100nm or 1 um, and those of
sputtered films 50-100nm. Out of these 12 specimens,
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products of oxidation appeared on three, i.e. on 25%
of the investigated couples.

The specimens of the bulk-film type were prepared
by sputtering the top film: silver on bulk aluminium,
indium and tin, gold on bulk cadmium and indium
and copper on bulk aluminium, gold, cadmium, ger-
manium, indium, tin and zinc. A total of 13 specimens
with sputtered top film was studied. Thickness of the
sputtered films were from 50 to 100nm.

After 11y ageing, out of 13 specimens, oxides ap-
peared only on three (23%). The products of oxidation
appeared on copper, cadmium and tin*films, and on
cadmium and antimony bulk.

5.5. Comparison of sensitivity of different
specimen types to the influence
of atmosphere
In thin-film couples, products of oxidation appear on
the same metals as when these metals are alone, irre-
spective of whether or not compounds are formed in
these couples.

The oxide formation on thin films is a relatively
slow process. It is most rapid on lead film (they appear
after a month) and slowest on silver film (after several
years). On other metal films, the oxides appear after
about a year.

In the bulk-film specimens, oxide formation occurs
more slowly, irrespective of whether the film is evapor-
ated or sputtered. This is in agreement with an earlier
observation, according to which compound formation
in the bulk-film couples proceeds more slowly than
that in the film—film couples. In all these cases, the
reason is a compact bulk constituent.

More sensitive to atmospheric action are film—film
evaporated specimens (89 with possible: 70 with ap-
peared oxides —67.4%). Less sensitive are bulk—film
specimens (21: 7 — 33%), and specimens with top-
sputtered film (25: 6 — 24%).

6. Stability of compounds during ageing
6.1. Decomposition of the compounds

with simultaneous amorphization

of one of the constituents
Considerable changes may take place in the
compounds formed in thin-film metal couples during
their ageing at room temperature. These were ob-
served for 15y following 21 of the couples in the
Au-Me, Ag-Me, Cu-Me and Cd—Me systems [54].
For some of the couples, the reflections of the com-
pounds formed disappear from the XRD powder pat-
terns, but at the same time the reflections correspond-
ing to one of the constituents (the noble metal) become
considerably intensified. Thus, it 1s essential that the
specimens were prepared in the same evaporation
equipment and examined by the same X-ray diffrac-
tometer during the entire period of the study. The
X-ray diffractograms of every sample were taken at
definite time intervals, usually 5-20 times during
10-15 y. The total number of investigated samples
amounts to nearly 200, with more than 1300 diffracto-
grams taken and analysed.
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6.1.1. The available experimental data

As an example of how the changes were followed
in the investigated couples during long ageing,
Table LXX shows a detailed description of the process
in the Ag—Ga couple. It can be seen that the changes
caused by long ageing depend on the low-melting
metal (gallium) content and the ageing time. The X-
ray peak intensity of the compound reflections de-
creases and that of the noble metal (silver) increases.
At the end, only silver can be observed (Fig. 7).
With increasing concentration of the low-melting
constituent in the couple, a longer time is needed to
complete the reaction. Thus, the specimens containing
49% and 75% Ga remained stable even after 1113y,
i.e. no reaction started within this time.

TABLE LXX Compound transformation in Ag-Ga couples
during ageing

Ga (wt%)  State after ageing
0.33y 3y 9y 11-13y
17.5 Ag Agl® Ag
Ag;Ga Ag;Gal®
219 Ag,Ga Agt®
AgiGal®
24.0 Ag Ag Agt?
Ag;Ga Ag,Ga Ag,Gal®
39.0 Ag;Ga Ag;Ga
49.0 Ag;Ga AgiGa AgiGa
75.0 AgyGa Ag;Ga Ag:Ga
*Increases.
b decreases.
Ag,G
Ag;Ga 9554
Z
]
c
2
£
Ag
Ag,Ga Ag,Ga
Ag,Ga d
a) Ao
F
)
5 Ag
E LM"A
(b) 1 1 1 1 1 1 J

0 (deg)

Figure 7 X-ray diffraction patterns of the Ag-Ga sample with
original structure Ag(130nm)- Ga(49nm) (17.5% Ga), taken at (a)
8.5mon; (b) 12y after evaporation.



For each couple studied in the Ag-Me, Au—Me and
Cu—Me systems, data tables were prepared, similar to
Table LXX. However, there is no need to present these
tables. Instead, Table LXXI is presented. In addition
to the necessary literature data, the table contains
condensed results obtained by studying the three men-
tioned systems, with a total of 18 couples. It can be
seen that in the couple with no solid solubility range of
the non-noble metal in the noble one (Ag-Te, Au-Al,
Au-Ga, Au-Sb, Cu-Sb, Cu-Sn, Cu-Te), the com-
pounds formed are stable during long ageing.

In the couple with an existing solid solubility range
(Ag-Ga, Ag-In, Ag-Sn, Ag-Zn, Au—Zn, Cu-GQa,
Cu-Zn), the compounds formed are completely de-
composed and the X-ray peaks of the compounds and
non-noble metal disappear in the samples with lower
Me concentration. In the Au-Pb and Cu--In couples,
products of oxidation are formed, while the Au—Sn
couple had to be excluded from the analysis, because
the specimens with low tin content were not preserved.
The Au-In couple is an exception.

Several couples should be commented on in
particular. In the case of the Ag-Zn couple, the situ-
ation is considerably more complex. The compounds
formed in this couple were unstable in an extended
concentration range. Partial or complete decomposi-
tion of the compounds was found to take place in 10
out of 11 analysed samples with different concentra-
tions. In the samples containing < 35% Zn, silver
disappeared partly at the beginning of the reaction,
giving rise to compound formation. In the subsequent
period, during which the compounds gradually de-
composed and finally disappeared, the silver X-ray
peak increased.

A complete disappearance of the silver X-ray peak
during the process of compound formation (1-4 mon)
has taken place in the samples containing more than
35% Zn. However, silver again appeared during the
disappearance of the X-ray peaks of the compounds,
its concentration increasing with time. The higher the
original silver concentration, the more silver was
observed in the sample at the end of the reaction.

Table LXXII shows the change in the X-ray peak
intensity of stlver in the samples containing eight
different zinc concentrations.

The Au-Zn couple is a suitable illustration of the
result that the rate of the compound decomposition
depends on the concentration of the dissolved con-
stituent (Zn). In the sample containing 4% Zn (within
the solid solubility range), the decomposition of the
compound takes place within 4 mon. In the sample
containing 10% Zn (beyond the solid solubility range),
years are needed for the process, and traces of the
compound remain visible even after 12—14y.

The Cu-Zn couple has a wide solid solubility range
and is characterized by a high rate of the compound
decomposition. In the samples containing 26%, 49%
and 625 % Zn, the decomposition begins after
1-1.5 %mon and is completed after 3.5-4 mon for 26%
and 49% Zn, and after more than 1y for 62.5% Zn. In
the Cd—Me samples (Me = Ag, Au, Cu), exposure to
the atmosphere acts on cadmium to form some oxides
and carbonates (parasitic compounds), thereby leading
to decomposition of the originally formed intermetallic
compounds. The parasitic compounds are polycrystal-
line (Au—Cd) or amorphous (Cu—Cd), or three processes
take place simultaneously (Ag—Cd). These three couples
are therefore unsuitable for the analysis.

TABLE LXXI Stability of compounds in Ag-Me, Au Me and Cu Me couples during ageing

Couple Solubility limit of Me Supposed solid Sample Presence of compound

in Ag, Au. solubility at room age at given composition

or Cu [4] temperature (v) (wt% Me)

(Wton Me) [4]

(wt%) t("C) No Yes
Ag-Ga 8.0 200 4-5 13 17.5 24.0-75.0
Ag-In 20.0 300 19 11 11.2-26 34.7-80.0
Ag-Sn 10.2 200 9.5 13 15.0 27.0-75.0
Ag-Te @ 4 11 35.0 78.0
Ag-Zn 25.6 200 17 12 17.0-35.0 35.0-77.0
Au-Al 0.9 300 0 13 3.4-58.0
Au-Ga 3.1 270 ~1 14 5.1 700
Au-In 6.3 400 ~6 14 3.6-76.0
Au-Pb 0 500 0 10 24.0-83.0
Au-Sb 0 200 0 13 8.7°

[7.7-86.0
Au-Sn 3.5 350 "2 14 24.0 73.0
Au-Zn 13.0 600 5 12--14 4.4 10.0°
149 83.0

Cu-Ga 20.0 200 19.5 13 15.0 25.0-68.0
Cu-In 22 300 A 11
Cu-Sb 2.0 200 ! 11 22.9-75.0
Cu-Sn 1.3 200 : 11 20.0-85.0
Cu-Te 0.003 600 e 11 20.0--85.0
Cu-Zn 35.2 250 31.0 11 26.0-62.5 83.0
* Negligible.

® In the sample containing 8.7% Sb there was no compound formation.

¢ Traces only.
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TABLE LXXII Change in X-ray silver peak intensity in dif-
fractograms of Ag- Zn samples during ageing

Zn Time after evaporation
(wt%)
1d* 4 mon 12y

17 100 95 98
35 100 85 30
48 100 0 25
53 100 0 25
55 100 0 20
65 100 0 20
67 100 0 8
77 100 0 0

*Intensity of the X-ray peak on the first day is taken as 100.
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Figure & Lattice parameter of gold versus wt% Zn in the Au-Zn
thin-film sample at room temperature.

By following the compound decomposition by the
X-ray method, the existence of the noble metals in the
samples and an intensity increase of their reflections
with time was found. However, no low-melting metals
were found in the samples. In order to determine
whether the solid solutions of the low-melting metals
in the noble metals exist in these cases, the Ag—In,
Ag-Sn, Ag-Zn, Au—Cd, Au-In, Au-Sn and Au-Zn
couples were studied. The solid solutions were found
to exist only in the Au—Zn and Au—Sn couples.

Fig. 8 shows the experimentally determined lattice
constant change as a function of zinc content of the
sample at room temperature [62]. Taking the data
from Pearson’s book [109], it was calculated that for
the sample containing 26 wt% Zn, the concentration
of zinc dissolved in gold would be 2.5 wt%. In the
same way it was found that in the thin-film Au-Sn
couple there was about 0.5 wt% Sn in the solid
solution in gold at room temperature.

The Ag-In, Ag—Sn, and Ag—Zn samples have been
analysed by electron spectroscopy for chemical anal-
ysis (ESCA). The analysis has shown that indium and
tin are in the form of In,O; and SnO,, respectively,
while zinc is present but it is not clear in which form.
Because these phases could not be identified by X-ray
diffraction, they are presumably in a non-crystalline
(amorphous) state.
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6.1.2. Analysis of the available data and
hypothesis on the course
of the process
From the results obtained, the following conclusions
concerning decomposition of the compounds in
thin—film metal couples at room temperature were
derived.

1. If, for a given metal couple, a solid solubility
range exists, the compounds formed decompose in the
course of ageing,

2. If there is no solid solubility range, the com-
pounds remain stable for the same period of ageing.

Excluding the Au-Pb and Cu-In couples (strong
influence of the atmosphere), as well as the Au-Sn
couple (samples with low tin content missing), the
remaining 15 analysed couples have been compared
and the results are as follows. In metal couples
(Ag—Ga, Ag-In, Ag-Sn, AgZ7Zn, Au-Zn, Cu-Ga,
Cu-Zn), in which a range of solid solubility exists
decomposition by ageing takes place. In metal couples
(Ag-Te, Au-Al, Au-Ga, Au-Sb, Cu-Sb, Cu-Sn,
Cu-Te) in which there is no solid solubility range,
the compounds remain stable for the same testing of
time. Of the 15 couples, only the Au-In couple is an
exception.

The decomposition process is not affected by the
fact that, in some couples (Au—Sn, Au—Zn), a solid
solution is also formed, because in these couples most
of the tin or zinc is not in the solid solution. The
following process of transformation of the samples
during long ageing' may be supposed on the basis of
the available results [54]. The compounds formed
within the solid solubility range cannot be stable for
a long time. During the course of their ageing, the
compounds are decomposed into the constituent ele-
ments. The noble metal (silver, gold, copper) remains
in a crystalline state, while the other constituent
(a low-melting metal) passes into a nomn-crystalline
state. Once begun, the decomposition of the com-
pound extends from the solid solubility range into the
ranges in which there is no solid solubility. From the
examples such as Ag—Zn and Cu—Zn, it can be seen
that, given a long enough time, the process will be
spread over the entire sample independently of the
constituent concentrations. Because the decomposi-
tion process does not take place in the couples in
which there is no solid solubility range, in these
couples there is no reason for instability.

7. Comparative analysis of compound
formation and stability in different
types of specimens

The results obtained by studying specimens of the

film-film, bulk—film and semiconductor—film types, in

which the film was thermally evaporated or radio
frequency (r.f.) sputtered, are presented in the preced-
ing text. Similarities and differences have been ob-
served in the obtained results. It has been shown that
these depend on both the specimen types (film-film or
bulk—film) and procedure used to deposit the upper
film (evaporation or r.f. sputtering). The similarities
and differences observed will be compared and



analysed for systems Ag-Me, Al-Me, Au-Me and
Cu—Me.

The results to be compared, both for fresh and very
old specimens, are presented in Table LXXII. In the
table, five specimen types have been compared: two
vacuum-evaporated films, bulk—vacuum evaporated
film (specimens are in two variants, differing in the
metal being in the bulk form), two films with the upper
one r.f. sputtered, and bulk—r.f. sputtered film.

Table LXXIII is complex in construction, but
simple to use. For every couple, a maximum of ten
data are presented. The upper line comtains the data
concerning five types quoted of the as-deposited speci-
mens for each couple, and in the lower line are the
corresponding data for the same specimens after long

ageing. In this manner all the existing data concerning
the given couple are presented in the same place,
which allows their intercomparison for scientific and
practical purposes.

In the text, first the reactions in the as-deposited,
and then in very long-aged specimens, of the same
type are discussed.

7.1. As-deposited specimens

According to “disposition” for compound formation,
the couples show two extremities. The first extremity
presents couples Al-Ag, Al-Cu and Au—Cu, in which
compounds do not form at all. The second extremity
presents couples of silver with gallium, indium, tin and

TABLE LXXIII Comparative data of the compounds formed in different types of as-deposited and long-aged specimens

Specimen type

Evaporated Sputtered
Film A- film B, Bulk A-film B, Bulk B-film A, Film B-film A, Bulk B-film
Metal Aged Aged Aged Aged A, Aged
couple 30d 30-90d 30-90d 5d 5d
A-B 10- 15y 13y 13y iy iy
Ag-Al 0 0 0
0 0 0
Ag-Cd AgCd;
AgsCd;
AgCd
ATM
Ag-Ga Ag;Ga Ag;Ga Ag;Ga
D-A Ag;Ga
Ag-In LTAgln, Ag,In LTAglIn, LTAglIn,
Ag;In
D-A D-A LTAgInj LTAgln,
Ag-Sb 0 Ag;Sb Ag,Sb
ATM Ag,Sb® Ag;Sh®
Ag-Sn Ag,Sn Ag,iSn AgiSn Ag;Sn AgiSn
D-A D-A Ag;Sn Ag;Sn®
Ag-Te AgsTe, Ag,Te AgsTe, AgsTe,
Ag,Te
AgsTe; Ag,Te AgsTes Ag:Te;
Ag,Te
Ag-Zn AgZn, AgZn; AgZn,
AgsZng AgsZng AgsZng
AgZn AgZn
D-A AgsZng AgZn;
AgZn AgsZng
AgZn
Al-Sb 0 AISb® AlISb*
0 AlSb*
Au-Al Au,Al 0 0 Au,Al
- . AuAl,
Au,Al 0? 0 Au,Al
AuAl, AuAl,
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TABLE LXXIII (Continued)

Specimen type

Evaporated Sputtered

Film A -film B, Bulk A-film B, Bulk B film A, Film B-film A, Bulk B-film
Metal Aged Aged Aged Aged A, Aged
couple 30d 30-90d 30--90d 5d Sd
A-B 10-15y 13y 13y 1y i1y
Au-Cd AuCd, AuCd, AuCd, AuCd,

AuCd AuCd
ATM AuCd} AuCdj AuCd,
AuCd* AuCd

Au-Ga AuGa, AuGa, AuGa,

AuGa AuGa

Au,Ga Au,Ga

Au,Ga,

AuGa, AuGa?

AuGa Au,Ga

Au,Ga Au-Ga,

Au,Ga,
Au-In Auln, Auln, Auln, Auln,

Auln Auln

Au-ln;

Augln

Auln, Auln, Auln,

Auln

Au-in;

Au,ln
Au-Pb AuPb; AuPb;, AuPb;

AuPb, AuPb,

Au,Pb

ATM ATM ATM
Au-Sb AuSb, AuSb, 0 AuSh,

ATM AuSbj 0*
Au-Sn AuSny AuSn AuSn,

AuSn, AuSn,

AuSn AuSn

AusSn

AuSny AuSn* AuSn,

AuSn, AuSn,

AuSn AuSn

AusSn
Au-Zn AuZn;, AuZn; 0 AuZn;

AuZn AuZn

AuZn;, AuZn;, 0 AuZn;

AuZn AuZn

Au,Zn¢
Cu- Al 0 0 0

ATM 0 0
Cu-Au 0 0 0

0 0 0
Cu-Cd Cu,Cd; Cu,Cd; 0 Cu,Cd; Cu,Cd;

CuCd;

ATM Cu,Cd; Cu,Cd; Cuy,Cd; Cu,Cd;
Cu-Ga CuGa CuGa CuGa CuGa

CuoGay
D-A D-A CuGa
CueGay
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TABLE LXXIII (Continued)

Specimen type

Evaporated Sputtered
Film A-film B, Bulk A film B, Bulk B-film A, Film B -film A, Bulk B-film
Metal Aged Aged Aged Aged A, Aged
couple 30d 30 90d 30-90d 5d 5d
A-B 10-15y 13y 13y 1y 1y
Cu-Ge 0 Cu;Ge Cu;Ge
CusGe CusGe
0 Cu;Ge Cu;Ge
CusGe CusGe
Cu-In Culn Culn Culn Culn
_— Cuyln
ATM Culn Culn Culn
Cu-Sb Cu,Sb 0 0 Cu,Sb Cu,Sb
- - Cu;Sb?*
ATM 0 0* Cu,Sb
Cu-Sn CueSns CueSns CueSns CueSns Cu,Sns
Cu;Sn Cu;Sn*
CugSns CueSns CueSn;s CueSnis CueSns
Cu;3Sn Cu;Sn*®
Cu-Te Cu;Te 0 Cu,Tes Cu-Tes
Cu,Tes CuTe
CuTe
Cu,Tes 0 CuTe*
CuTe
Cu-Zn CuZn, CuZny 0 CuZny CuZng,
CusZng
D-A 0 CuZn, CuZn,
CusZng

Notes: ATM, substantial change in the specimen provoked by the atmosphere; D-A, decomposition of a compound followed by amorphiz-

ation of one of the constituents.
* After 5-8y.
> After 6.5y.
¢ Trace.

4Two types of changes take place in addition to the transformation, decomposition of the compounds with amorphization has been

observed.

tellurium, then couples of gold with cadmium, indium,
lead, antimony and tin, and couples of copper with
cadmium, gallium, indium and tin, in which
compounds have formed practically in all types of
specimen.

In the first group are the couples with both constitu-
ents with high melting point, and in the second group
(mainly) the couples in which one constituent has
a high and another a low melting temperature. The
rest of the couples present transition between these
two extremities.

From Table LXXIII, one can see several points.

(a) Tn the specimens of the film-evaporated film
type, fewer compounds are formed than in the speci-
mens of the film—sputtered film type. For example, in
the specimens of couples Ag-Sb, Al-Sb, and Cu—Ge,
film—evaporated film type compounds are not formed,
but in the specimens of the film—sputtered film type of

the same couples, corresponding compounds formed
(AgsSb, AISb, Cu;Ge, CusGe). The second example
shows the couples Cu—Ga, Cu-Sn and Cu—Zn. In the
evaporated specimens of these couples forms one com-
pound per couple (CuGa, CugSns, CuZny), while in
the sputtered specimens, beside those listed, another
compound per couple has formed (CugGa,, Cu;Sn,
CusZng).

(b) In the ‘bulk~evaporated film type specimens
fewer compounds were formed than in the bulk-sput-
tered film type specimens. For example, in the speci-
mens of bulk Al-Au film, Sb bulk-Au film, Sb
bulk—Cu film and Zn bulk—Au film, compounds do
not form. In the specimens of the same couples when
film was sputtered, corresponding compounds were
formed (Au,Al + AuAl,, AuSb,, Cu,Sb, Cu;Sb trag,
AuZn;). In the In bulk—Cu film specimens, when films
are evaporated, one compound formed per couple
(Culn, CuySns), while when the films are sputtered,
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two compounds per couple formed (Culn + Cuyln
and CueSns + Cu,Sn, respectively).

(¢) When compounds are formed in the film-evapor-
ated film type specimens, they will also form in the
film-sputtered film type specimens of the same couple.

{d) When compounds are formed in the bulk—evapor-
ated film type specimens, they will also form in the
bulk- sputtered film type specimens of the same couple.

() When compounds are formed in the bulk—sput-
tered film type specimens, they will also form in the
film—sputtered film type specimens of the same couple.

7.2. Long-aged specimens
During the course of long ageing, three groups of
essential changes have been observed.

In the first group, a transformation occurs (Section
2). Two types of change are noticed:

(1) The last transformations of compounds were
observed after many years (evaporated thin-film
couples Au-Al and Au—Zn, after 3 and 8y, respec-
tively). This is also valid for Cd bulk-Cu film evapor-
ated couples in which compound formation was
observed after 5-8y.

(i1) In the couples with one bulk constituent, com-
pounds are formed, during the course of ageing, with
successively more and more metal in the bulk. These
couples are: Ag bulk—Zn film evaporated, Au bulk--Ga
film evaporated, In bulk—Cu film sputtered and Te
bulk-Cu film evaporated.

In the second group, a spontaneous decomposition
of a compound takes place, whereby one component
becomes amorphous (Section 6). This was observed 1n
the evaporated specimens of the film—film (Ag-Ga,
Ag-In, Ag-Sn, Ag-Zn, Au~-Zn, Cu-Ga and Cu-Zn)
and bulk-film evaporated (Ag bulk—In, Ag bulk—Sn
and Cu bulk—Zn) types. In all couples, a solid solubil-
ity range exists. This phenomenon was not registered
in couples with top-sputtered film.

In the third group, a substantial change due to
weathering takes place (Section 5). It can be seen that
in 23 specimens, all the types of products of oxidation
appeared under the influence of atmosphere. In 11
specimens only (one-half of the specimens with prod-
ucts of oxidation), substantial changes take place; that
means that the compounds formed are destroyed.
Nine out of 11 specimens were film—film evaporated,
but two were the bulk-film evaporated type. In both
these specimens, one constituent was lead, a very sen-
sitive metal to atmospheric influence.

8. Significance of results presented
from the standpoint of application

The present review contains many experimental re-
sults of the investigations performed in the last dec-
ades. Beside purely scientific, many of these results
have a definite practical significance. Namely, they can
serve as a basis for development and production of the
pertaining components and devices. The question is
posed, therefore, as to the principal achievements of
the investigations performed from the standpoint of
their application.
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The most important results from this standpoint are
as follows.

l. The rules relative to compound formation, as
well as those concerning their stability during long
ageing, have been formulated.

2. Experimental data have been established to
complement the low-temperature range of the existing
phase diagrams.

3. Experimental results and technological practice
have been established. It may help to select the appro-
priate couples for contacts (and other applications) in
designing microelectronic devices, and other compo-
nents and devices.

For physicists-technicians, accomplishing the sys-
tems mentioned, this has the following implications.
Knowledge of the rules relative to the compound
formation (and non-formation) allows the first selection
of the metal couples available for application. The
complemented phase diagrams serve for a further selec-
tion and narrowing down of the number of couples for
a final choice. Finally, the experimental data and tech-
nological practice serve to estimate each couple from
the viewpoint of its application, taking into account the
requirements of the device in question. Knowledge of
the reaction kinetics in the metal couples, as well as the
processes taking place during long ageing, are decisive
in the choice of the optimum couple.

If sufficiently complete data do not yet exist for
some couples, the results and procedures presented
permit them to be obtained.

8.1. Principal formulated rules

This review contains numerous formulated rules, but
some of them can be selected as the most important
for application.

The rule concerning compound formation and the rule
pertaining to the situation in which compounds are not
formed. Simply stated, the compound is formed in the
couple if one metal has a high melting point, the other
has a low melting point, and the potential compound
has a melting point which is not high. If, the couple
with a high m.p. metal-low m.p. metal potential com-
pound has a high melting point, or if both metals in
the couple have melting points in the same temper-
ature region, compounds are not formed.

The system designer can decide whether to choose
the couple in which no compound will be formed or
the couple whose characteristics after compound
formation may better satisfy the requirements.

The rule concerning the rate of compound formation.
In a binary system high-melting metal-low-melting
metals, the interdiffusion coefficient is higher when
the melting point of the low-melting metal is lower.
The interdiffusion coefficient value reflects the rate of
compound formation in the couple studied. For the
Ag-Me, Au—Me, Cu-Me and Pd-Me systems, it was
proved that the dependence is linear (Fig. 5).

If the designer has chosen in contact couple in
which the compound formation takes place, he can
estimate the time needed to complete the reaction and
for necessary ageing, i.e. how long it is necessary to
wait until the couple is ready for use.



The rule concerning the compound decompositon. 1f,
for a given metal couple, a solid solubility range exists,
the compound formed decomposes during the course
of ageing; il there is no solid solubility range, the
compound remains stable for the same period of
ageing.

The devices with incorporated contact couples have
a long life, often a whole decade. In such a case, the
incorporated contacts must not be made of the couple
in which the compounds are formed, if the solid solu-
bility ranges exist in this couple. Such couples could be
used for the contacts only if the devices have a relative-
ly short life.

8.2. Supplement of low-temperature ranges
of existing phase diagrams

Numerous phase diagrams do not contain the low-
temperature part, even those for which the com-
pounds are known to exist at lower temperatures [4].
Thus, in many phase diagrams, there are no data for
the existence of compounds below 200 or 300°C, and
more often below 100°C. The least known is the
situation at room temperature.

To the authors’ knowledge, the data obtained at
room temperature have not been used to complement
the existing phase diagrams. An exception 1is the
monograph by Okamoto and Massalski [12], in
which such data have been analysed in preparing the
Au-Me phase diagrams. The difficulties obviously
exist in the processing of the available experimental
data and their incorporation into existing phase dia-
grams, and there are also different concepts regarding
the point. However, the effort would be rewarded,
because the most deficient regions of the phase dia-

grams would be thus complemented, often for the
least-studied couples. The collected data presented
here offer material for complementing the low-temper-
ature ranges of the existing phase diagrams.

Of 39 couples in which the compounds are formed

at room temperature, data deserving to be introduced
into the phase diagrams were obtained in 21 couples.
There are 13 couples in which results concerning 23
compounds formed at room temperature do not pro-
duce any changes in the cxisting phase diagrams.
A suitable example which illustrates the procedure of
introducing the data in the phase diagram is the Ag-In
couple. The available ecxperimental data for this
couple are as follows [6].
(i) A compound identified as the low-temperature
phase Agln, (LT Agln, = x-Agln,) is formed at
room temperature in the thin-film specimen. The
authors’ own bulk standards containing the stoi-
chiometric concentrations for Agln,, homogenized at
125 and 180 °C for 48 h, have identical X-ray patterns
(B-Agln,), but differ from that of the compound pre-
pared at room temperature. By annealing the thin-film
specimen at 60-120"C, an X-ray pattern identical to
the bulk standard was obtained. It was concluded,
therefore, that the transformation temperature for the
a-Agln, — B-Agln, i1s between 60 and 120 °C.

(1) In the thin-film specimens containing more than
50wt% Ag, the Ag,In (y) compound is formed; it was
identified by means of the authors’ own bulk standard
for Ag,In, homogenized at 180°C/48 h.

(i1 The Ag;In (§) compound was not formed in the
thin-film specimens. The authors’ own bulk standard
containing stoichiometric concentrations for the com-
pound, homogenized at 180 "C/48 h, is identical to the
ASTM card 15-163 for Agsln.
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Figure 9 Example of inserting the obtained experimental results into an existing phase diagram.
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TABLE LXXIV Experimental results to be introduced in the low-temperature range of the phase diagrams

Couple Compounds formed Proposed supplements
metal
A-B Formula Identification In temperature In concentration
ASTM Other range range
standard source (~°CP (~At %B)
Ag-Cd B'(AgCd) 28--197 180-20 50
1AgsCdg) 14-14 180-20 62
e(AgCd;) 28-199 180-20 70
Ag-Ga £'(AgiGa) [6] 200 -20 25
Ag-Te aAg,Te) 12- 695 [108] 145-20 33
aAgsTes) 16-372 100--20 37-40
Ag-—7Zn E(C-AgZn) 29-1156 180-20 52
B(H-AgZn) 29-1155 180-20 52
Y(AgsZng) 29-956 180 20 62
e(AgZn,) 25-1325 180-20 75
Al-Au 4, B-Au,Al [12] 200-20 67
AuAl, 17-0877 200-20 33
Au-Pb AuPb, 11-573 52-20 75
Au-Sb AuSb, 8-460 200-20 67
Au-Sn N(AuSny) [32] 50-20 80
Au-Te AuTe, [44] [44] 200-20 67
Cd-Cu Cu,Cds) 20-188 200-20 55
g(CuCd;) 16-17 200-20 20-70
Cu-Ga v(CuGa) 3-1048 200-20 50-67
Cu-In Culn 35-1150 200-20 42-50
Cu-Sb 1(Cu,Sb) 3-1024 200-20 33
Cu-Sn n'(CueSns) 2- 0693 100-20 45
Cu-Zn &(CuZn,) [47] 200-20 80
Ga-Mg Mg,Ga 22-260 200-20 67
In-Ni LTNi,In, [56] 200-20 40
Pb-Te PbTe 8-28 200-20 50
Pd-Te PdTe, 29-0970 200--20 67
Pt-Sn PtSn, 8] 100-20 90

* The upper temperature limit to which the phase diagrams should be extended is defined precisely only for the compounds for which their
own standards, annealed to 200 °C, exist. For other compounds, this has been estimated as follows. The compounds formed at room
temperature have been identified by means of the ASTM standards, which had supposedly been used to identify the compounds presented
in the phase diagrams [4]. The existence of the lowest temperatures given in the phase diagrams has so far been reported for these
compounds.
Notes: Ag-Cd: Because of undefined concentration ranges of formation, for each of the three Ag- Cd compounds, a full line should be
drawn, nearer to the stoichiometric value of the compounds.

Ag-Ga: own standard, annealed at 200°C, close to the ASTM card 28-0432, is identical to the thin film (TF) specimens at room
temperature.

Ag-Te: the o —  Ag,Te transformation temperature is at 145°C [4]. In the latest phase diagram [108], the AgsTe; formula has been
used.

Ag-Zn: because of unidentified concentration ranges of formation, for each Ag—Zn compound, a full line should be drawn nearer to the
stoichiometric value of the compound.

Al-Au: own standard, annealed at 200°C is identical to the TF specimens at room temperature. According to [53] tmin = 300°C;
according to [4] t, = 400°C.

Au-Sn: own standard, annealed at 200 °C, is identical to the ASTM card 28-0441 and TF specimen at room temperature.

Cd—Cu: the same remarks apply as for the Ag—Cd and Ag—Zn couples. '

Cu—Ga: before the exact value (at % Ga) has been defined for Cu—Ga, full lines should be drawn for the existing v phase.

Cu-In: the same remarks apply for Cu—Ga. Own TF standard prepared at room temperature is now the ASTM card 35-1150.

Cu-Zn: own standards are identical to the TF specimens at room temperature; they are now the CuZns ASTM cards: 361151 (bulk)
and 35-1152 (TF).

In- Ni: own TF standard (20 °C); this standard is now the ASTM card 36 -1147; the LTNi,In; to Ni,In; transformation temperature is
not known.

Fig. 9a presents the existing phase diagram [4] for
Ag—In. In Fig. 9b the same diagram is presented into
which the described experimental data for Agln, have
been introduced.

It should be pointed out that the transformation
temperature o — § Agln, (although not determined
with sufficient precision) represents a new fact, which
does not exist in the Ag—In phase diagram. This stimu-
lates new investigations to establish possible trans-
formations in the temperature range from 0°C to
about 200 °C in other couples as well.
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Table LXXIV contains the data for the remaining
20 couples in which many compounds are formed.
New data exist for each of these compounds and they
should be introduced into the existing phase diagrams.
For the most part, these are taken from the published
and unpublished papers of the present authors.

As in the example of the Ag-In couple (Fig. 9),
similar supplements are proposed for the phase dia-
grams of the couples denoted in Table LXXIIIL. The
introduction of full lines is proposed from the lowest
temperature registered so far, up to room temperature



(~20°C). When the ranges of the compound forma-
tion are not clearly defined (e.g. for Ag—Cd, Ag—Ga,
Ag-Zn, Cu-Cd,...), it is perhaps adequate to draw
only one full ling, close to the stoichiometric value of
the compound, as is given for the Ag—Sn (g¢) and
Au-Cd (¢') couples [4].

8.3. Selection of contact couples with
optimum characteristics

In the modern microelectronic, optoelectronic, sensor
and similar devices, contacts play a stgnificant role.
We shall take sensors as an example. The contacts
should be chosen so that their characteristics remain
stable during their multiyear exploitation and that
they are not sensitive to the atmosphere. The sensor
element is a part of the contact couple. An electrocon-
ductive layer is deposited on it and a thin conductive
wire 1s welded on the layer. The semiconducting sen-
sor element (e.g. PbS or InSb) consists either of a thin-
film or bulk. Thus, the couples of the film—film or
bulk—film type are produced in these cases (first, the
sensor element—Me contact film, and second, the Me
contact film-bulk the conductive wire). If these
couples are not chosen so that their characteristics
optimally match each other, the device into which the
couples are incorporated may stop functioning after
some time.

An electronic device [122] is a good example. The
device worked at room temperature, but some of its
components became heated up to 50°C. A weakening
and finally breakage of the contact was observed be-
tween the thin aluminium film and a thin gold wire

(a contact film-bulk). The electronic circuit was inter-
rupted because of the formation of intermetallic com-
pounds, the electrical and mechanical characteristics
of which were different from those of gold and alumi-
nium. On the basis of the data presented in Section 2.1,
it can be supposed that the Au,Al and AuAl, com-
pounds were formed, two of the five compounds which
can be formed in this couple. The temperature must
have been somewhat elevated too. Two additional
problems occurring because of changes in the metal
couples led to a breakdown of functioning of the
optical devices — optical grating [11] and golden
mirror [10, 26].

Another example 1s as follows. It was found that the
contact between silver coating and tetlurium film was
broken in about a day [123]. This happened because
of Ag,Te and AgsTe; compound formation (Sec-
tion 2.1). More subtle changes in contacts are also
possible, which do not cause a break in the (micro)
electronic devices, but modify their characteristics,
which may be even more serious. In order to avoid
such problems, the contacts having optimum charac-
teristics from the physical, electronic, technological
and any other standpoint, should be chosen in each
particular case. The data presented in this review
make it possible in many cases. Table LXXV shows in
which couple combinations, formed from the 20 meta-
ls mentioned, will the products of oxidation appear.
The table presents separately the couples in which
products of oxidation are formed and those with no
products of oxidation formation. The selection of con-
tacts having optimum characteristics is much more
difficult than may look at first sight. We shall therefore

TABLE LXXYV Data for quick selection of thin-film couples for contacts [62] (The layer above the line is the upper one}

Metal film on which products of

In couple in which products of oxidation are

oxidation can be formed

Not formed Formed
Ag Al Mg, Sb, Sm
Ag Ag
Bi Bi Bi Te
Au, Ni Tn, Mg, Mn Bi
Cd Cd Sb
Mg, Ni, Sb, Sm Cd
Cu Cu Ge Al, Mg, Mn, Sm
Au Cu Cu
In Co, Sn Sb,Sm, Te In
n In Mg, Mn
Mg Mg Ge, Ni, Pb, Sb, Sm, Sn, Te, Zn
Co,Te Mg
Mg
ALAu
Mn Mn Cr,Zn Ge, Ni, Sb, Sm, Sn
Al Au, Ga, Te Mn Mn
Pb Pb
Sm
Sb Sb Sb
Al, Co, Cr, Ni, Sm, Te, Zn Sm
Te
Sb
Sm Sm
Al Au, Cd, Co, Ga, Te, Zn
Co, Ga, Ni, Sn
Sm
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TABLE LXXVI Scquence of activities in selection of contact layers

Sequence of Tables showing

procedures
Film film,y Bulk-film,y Film -film, ;. Bulk-film, ;. Semiconducting

compounds -film,
or film, ;.

Compound XLIV XLV XLVII-XLIX XLVII, LV-LVII

formation XLVII

Influence of LXVIIL, LXVIII

almosphere

Stability during LXXI, LXX11 XLV XLVII-XLIX XLV XLIX LVI, LVIII

long ageing

Comparison of all LXXI11 LXXI11i LXXIIl LXXT11

five specimen types

mention a few data and technological experiences
which may help, or at least induce one to consider how
to orient oneself in this rather complex field.

Table LXXVI contains a sequence of tests that
should be performed in order to diminish the number
of couples from which a final choice would be made.
Thereby it should be determined, according to the
specified demand, which type of specimen is needed.
For every part of the examination, tables and sections
in the review are indicated in which the necessary data
are to be found.

9. Concluding remarks and trends
of further research
The authors hope that this review will be:

(a) a competent and complete source of informa-
tion concerning room-temperature reactions in thin
metal film couples and changes caused by prolonged
ageing;

(b) a guide to select contact couples with the opti-
mum characteristics for microelectronics and sensor
technique projects, and

(c) a stimulus for other researchers to continuge,
extend and deepen investigations of thin metal films at
room temperature, as well as in a broader temperature
range.

On the basis of the results presented in this review,
trends of further investigations can be anticipated as
follows.

9.1. Complementing existing data
Investigation of phenomena of compound formation
in so-far unexplored couples, in particular those im-
portant from the viewpoint of their application, will be
continued. In addition, it should be useful to comp-
lement such investigations for those couples for which
the results are not complete or are insufficiently re-
liable. It is especially interesting to study the behav-
iour of couples in which no compounds were formed
when the specimens had been prepared by vacuum
evaporation. For this purpose, the specimens should
be prepared using r.f. sputtering, an ion beam or
electron gun.

The already published data should be comp-
lemented in an appropriate way by the so-far un-
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known interdiffusion coefficients for both the couples
in which compounds are formed and for those in
which no compound formation was detected. It
should thereby instil an increase in the accuracy of
results by applying improved methods.

9.2. Solving so far partly solved or only
noticed probiems

Complementing the low-temperature regions of the
existing phase diagrams, as proposed in this review, is
only a small part of the requirements. Nevertheless,
the data presented here often do not cover the whole
missing region of the phase diagram. It would be most
useful to combine such an investigation with checking
whether compound transformations take place in the
low-temperature region (from room-temperature up-
wards) and what the transformation temperatures are
for the LT to HT (MT) phase transition.

The existence of solid solutions at room temper-
ature has only been noticed so far. Obviously, system-
atic investigation of their existence and quantitative
determination, wherever possible, arc forthcoming,
both for the couples in which compounds are formed
and for those in which no compound formation was
detected.

It is of particular significance for practical applica-
tion to know the stability of characteristics of metal
couples, which depends on their chemical stability. It
is therefore essential to follow long-term chemical
changes in the couples caused by influence of the
atmosphere. Because it is usually impossible to wait
for such a long time, it is necessary to simulate condi-
tions (elevated temperature, increased concentration
of the atmospheric agents, etc.) under which the cha-
nges would take place in a considerably shorter time.
The phenomenon of decomposition of the compounds
formed into constituent metals, taking place during
prolonged ageing, whereby one of the constituents
remains crystalline and the other becomes amor-
phous, is among such changes. A systematic investiga-
tion using “accelerated” procedures would probably
contribute to establish whether this phenomenon has
a broader significance, from both theoretical and prac-
tical viewpoints.

The rules concerning compound formation and de-
composition, demand further research with the aim of



verifying their validity within the range investigated so
far, and a possible extension of this range.

9.3. Generalization of experimental results

A more extensive analysis of the room-temperature
contact phenomena in metal couples is obviously ne-
cessary, together with inevitable generalizations.

By comparing the results obtained at room temper-
ature with those obtained at elevated temperatures,
and comparing the results obtained from the thin-film
specimens with those obtained from the bulk ones,
common features in their behaviour and pertaining
rules should be sought.

A more extensive analysis of the comparative results
obtained from different specimen types and different
film deposition methods might provide, beside practi-
cal, ccertain results of a fundamental character. It
might also lead to certain new theoretical explana-
tions of the experimental results obtained.
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