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Abstract Reaction coulples of SiC with cobalt were annealed in an Ar/4 vol% H. atmosphere
at temperatures between 950 and 1250°C for various times between 4 and 100 h. At tempera-
tures above 950°C, solid state reactions lead to the formation of various silicides with carbon
precipitates. The typical reaction layer sequence was SiC/CoSi + C/Co,Si + C/Co:51/Co,S5i + C/
------ /Co,51/Co in the reaction zone. The mechanism of the periodic band structure formation
with the carbon precipitation behaviour was examined and discussed in terms of reaction kinet-
ics and thermodynamic considerations. The growth of the reaction zone has a square root of
time dependence. The reaction kinetics is proposed to estimate the effective reaction constant
from the parabolic gowth of the reaction zone. The mechanical properties of the reaction zones
were determined by the microhardness test.

Ao oF SiC/Co HFEAZE Ar/4d vol%s H, 5275 el 4] 95 A 1250°C HY oA 44]
Zrol A 100417 71 2] A A28t 950°C ol 2xoxe] uAubg- o & ojgi7}x] 438
3 el A Eo] AU} o] ¥h-E zoned] Uojrje] HEHAQ ¥ o%—g} 4+ SiC/CoSi + C/
C0151+C/C0281/C0251+C/ ------ /Co:Si/Coelfct. 28]jx ©AaMEAFTE T F72d 9T
Zol ¥A7|F7t uh5E ddgq nAE %6}°=1 ZAtE R =3l ). o] wbg
zone®| A7 /‘]7 o] F4HAE 7HAH ol2iqh HbE$F&o] HhEAl Y &AL F3he A4



110 Chang- Sung Lim and Hubertus Nickel

E]o] Ao}, 3 microhardness &AL %3led ¥b-2- zone2] 7]A A al

1. Introduction

Solid state reactions between ceramics
and metals are of great interest in materials
science because of the technological applica-
tions for devices fabricated with both ceram-
ic and metal components. SiC is used for
high temperatures applications in form of
monolithic ceramic or metal matrix compos-
ites [1-3]. SiC is also potentially a useful
semiconducting material for high tempera-
tures, high frequency and high power elec-
tronic devices [4-6]. In all these applica-
tions as well as for the process of joining
SiC and SiC to metal with metallic interme-
diates detailed knowledge about SiC/metal
interactions and the thermal stability of SiC/
metal interfaces is of primary importance
[7-9]. The chemical, thermal and crystallog-
raphic compatibility, which is dependent on
the interfacial reaction, thermal expansion
mismatch and lattice mismatch, must be con-
sidered to establish the thermal stress gradi-
ents across the formed reaction zone.

The properties of SiC/metal contacts are
of increasing technological interest as the
result of the large band gap of single crystal
SiC (2.9 eV) [5]. The large band gap allows
SiC to be used in a variety of solid state de-
vices. In the case of other more common
semiconducting devices, knowledge of the re-
activity, thermal stability and electronic
structure of semiconductor/metal interfaces
is extremely imporant for understanding the
devices and controlling device performances.
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One area of interest is the use of the low
temperatur silicide forming metals on SiC
substrates in the attempt to form contacts
after thermal annealing. Many metals have
a strong tendency to interdiffuse at semicon-
ductor/metal interfaces and most metals
readily form carbides or silicides. A thor-
ough characterization and understanding of
SiC/metal interfaces, in terms of reactivity
and thermal stability, is therefore crucial in
the design of SiC devices.

Recently, a few studies of the interaction
between SiC and various types of metals
have been reported [ 10-15]. However, most
of works were phenomenological in nature
because of the complex chemistry of inter-
face formations, and the mechanisms pro-
posed by the works were somewhat obscure
due to the complicated experimental condi-
tions. Therefore, more detailed investiga-
tions of the interfacial reaction are required
for the improved understanding of SiC/Co
interfaces. In this paper, we investigate the
interface structure and reaction kinetics of
SiC/Co from a different perspective using
thick metal foils. More detailed investiga-
tions are presented to provide interface for-
mations, periodic band structure and carbon
precipitation behavior, and mechanical prop-
erties of the reaction zones are proposed by
the microhardness test.

2. Experimental procedure
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The starting materials used for the experi-
ments were high density sintered «-SiC
from “Elektroschmelzwerk Kempten”, ESK,
and thick cobalt foils from Alfa Prod./John-
son Matthey Company. The polycrystalline
SiC contained 1.5 wt% total impurities, such
as carbon and aluminium ( ESK). The cobalt
foil has a purity of 99.997 % and a thick-
ness about 0.5 to 1 mm. SiC plates were cut
into small pieces with a diameter of 20 mm
and a thickness of 3 mm and ground with a
BN/C disk. The SiC plates were then pol-
ished with a diamond disk using diamond
pastes of 30, 15, 3, 1, #m and hyprez liquids
( polishing solution). The ceramic and metal
samples were ultrasonically cleaned in etha-
nol, rinsed with water and dried. After pol-
ishing the surface of SiC showed an average
roughness of 4.7 nm by the measurement of
surface profilometry. The SiC surface has a
typical mixed structure of globular to long/
plate form, and the average grain size is
about 4 um.

Most systematic annealings were conduct-
ed in a high temperature vacuum furnace
with a graphite heating element manufac-
tured by Degussa/Germany. The ceramic
and metal reaction couples were placed in a
graphite crucible and loaded with a weight
of 5 kg. The specimens were surrounded by
titanium to remove the residual oxygen dur-
ing the annealing time. After positioning the
samples the furnace was evacuated to be 6
x 107 mbar and subsequantly filled with a
gas mixure of Ar/4 vol% H. for the anneal-
ing time. The couples were annealed at tem-
peratures between 950 and 1250°C for 4 to
100 h. Thermocouples of type EL18
( PtRh30/PtRh6 ) were used for the tempera-

ture measurement. The heating rate was set
between 20 and 30 K/min and the cooling
rate between 5 and 10 K/min.

The reaction couples were cut by a dia-
mond saw, coated with nickel by electrical
deposition and then imbedded in copper
resin. After mounting the reaction couples
were ground on a diamond disk, polished
with diamond paste of 30, 15,6, 3 and 1 u#m
and finished using an with ALO; suspension.
The polished cross sections were investigat-
ed using optical microscopy and scanning
electron microscopy (SEM). Quantitative
atomic concentration profiles of silicon, car-
bon and cobalt were measured using elec-
tron probe microanalysis { EPMA ). The me-
chanical properties of the reaction zone were
determined using microhardness test.

3. Results

Fig. 1 shows a cross- sectional view of the
overall reaction zone of SiC/Co after anneal-
ing at 1050°C for 64 h. The reaction consists
of various kinds of distinct region. This con-
stitution could be identified by the measure-
ments using EPMA. Based on the EPMA,
quantitative analysis over the overall reac-
tion zones is represented in form of line scan
for the element silicon, carbon and cobalt in
Fig. 2, which is corresponding to the region
in Fig. 1. Adjacent to the SiC (SiC reaction
zone) a layer of cobalt silicide with carbon
precipitates was observed in Fig. 1 (b). Con-
centration profiles across the SiC reaction
zone, which was determined by EPMA in
Fig. 2 (b), indicated the formation of CoSi
+ C. Neighbouring the SiC reaction zone



112 Chang- Sung Lim and Hubertus Nickel

s —to] : Lol

Fig. 1. Scanning electron micrograph show-

ing a cross- sectional view of the overall re-

action zone of SiC/Co after 64 h at 1050°C

; {a) SiC, (b) SiC reaction zone of CoSi +

C, (c) alternating layers of Co,Si + C/Co,Si/

CoSi+ C/evveee (d) metal reaction zone of
Co.Si and (e) Co metal.
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Fig. 2. EPMA line scan for silicon, carbon

and cobalt over the corresponding SiC/Co

reaction zone in Fig. 1; (a) SiC, (b) SiC re-

action zone of CoSi+ C, (c¢) alternating lay-

ers of Co,51+ C/CoSi/Co:Si+ C/---- , (d)

metal reaction zone of CoSi and (e) Co
metal.

two coexisting phases are followed by
resulting in the alternating layer sequence of
small stripes from cobalt- rich silicide (Co,
Si) extending the carbon precipitates in the
wide reaction zone in Fig. 1 (¢) and Fig. 2
(c).

The micrsotructure of the carbon existed
in the area adjacent to the SiC reaction zone
is composed of very fine carbon precipitates
by comparison with grob carbon precipitates
in the areas farther removed from SiC reac-
tion front to cobalt metal. On the other
hand, adjacent to the cobalt metal ( metal re-
action zone) cobalt-rich silicide (Co,Si) is
formed in the absence of carbon precipitates
in Fig. 1 (d), as resulted in EPMA in Fig. 2
(d). In all cases of SiC/Co samples, pores
and cracks were ohserved in this metal reac-
tion zone during annealing experiments be-
tween 950 and 1250°C for various times.
According to the concentration profile for
cobalt, silicon and carbon by EPMA, an in-
ward difussion of silicon into the cobalt
metal was detected to a depth of 70 ym in
Fig. 2 (e).

In the contact area to the SiC reaction in-
terface a relatively wide band from CoSi
with fein carbon precipitates was ohserved.
Fig. 3 (a) and (b) show high magnifications
microstructures of the SiC reaction zone of
CoSi+ C. In this contact area exhibited in a
mixed state, very fein carbon precipitates
are existed by a type of stripes along the
boundary phase. The distribution of the car-
bon precipitates along the boundary phase is
suggested to be the results of the behaviour
of the typical microstructure of SiC of globu-
lar form to long/plate form.

Finer details of the carbon precipitates be-
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(a)

Fig. 3. High magnification scanning electron micrographs of the SiC reaction znoe showing a

(b)

relatively wide band from CoSi with fein carbon precipitates.

haviour in the alternating layers are shown
in the EPMA images of Fig. 4. The secon-
dary electron image and X-ray maps with
the distribution of the element silicon, car-
bon and cobalt could be identified that the
carbons are revealed in a regular
arrangement in the reaction phase of Co,Si
independing on the distribution of silicon
and cobalt.

The periodic band structure with carbon
precipitates was examined by quantitative
analysis of the element silicon, carbon and
cobalt showing the avarage concentration in
Table 1. The analysis were performed over
the corresponding SiC/Co reaction zone
(Fig. 1) from the SiC over the SiC reaction

zone with the various layers (1st dark layer,
2nd light layer, 3rd dark layer, - ) to the
cobalt. The avarage concentration of cobalt
and silicon in 1st dark layer adjacent to SiC
shows 256 wt% silicon, 51.6 wt% cobalt
and 23.5 wt% carbon corresponding to the
value of 24.3 at% silicon, 23.5 at% cobalt
and 52.3 at% carbon. This atomic ratio
points at the presence of CoSi and carbon
corresponding to two carbon atoms against
CoSi. In the adjoining light layer the reac-
tion phase of Co.Si with the concentraction
of 20.6 wt% (32.0 at% ) for silicon, 80.1 wt
% (68.0 at% ) for cobalt is existed without
carbon. The concentration of carbon in all
dark layers fluctuates between 21.52 and



114 Chang- Sung Lim and Hubertus Nickel

Fig. 4. EPMA images of the alternating layers : (a) secondary electron image; (b) carbon
x-ray map; (c) cobalt x-ray map; (d) silicon x-ray map.

23.45 wt%. It is noted that the value of car-
bon has no tendency to increase and de-
crease. The concentration relationship of sili-
con/cobalt was confirmed to be also con-
stant but independent on the presence of the
carbon precipitations. This atomic relation-
ship correspond to Co.Si. The atomic rela-
tionship of the three elements in the dark
layers vields to one Co,Si and about three
carbon atoms.

A SEM micrograph (Fig. 5) shows the
distinguishable boundary between the light
layer from Co.Si and dark layer from Co.Si

+C in details. The carbon particles are dis-
tributed partially and randomly in the lihgt
area in comparison with the dark area fea-
tured by the fein carbon precipitations be-
tween Co.Si phases. The concentration of Co.
Si in the dark area is equivalent to it in the
light area. The width of the bands of Co,Si
and Co.Si+ C becomes smaller depending
upon the location from the SiC reaction in-
terface. Moreover the periodic carbon
precipitataions are revealed by the structure
change according to the location from SiC
reaction interface. This structure change of
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Table 1

Average concentration of silicon, cobalt and carbon in the SiC/Co reaction zone

Microstructure wt% Si wt% Co wt% C
A. SiC 65 0 35
B. Reaction zone
1st dark layer 25.6 51.6 235
2nd light layer 20.6 80.1 0
3rd dark layer 16.1 64.1 218
4th light layer 20.7 80.4 0
5th dark layer 164 65.0 23.5
6th light layer 20.6 79.9 0
7th dark layer 16.0 65.0 215
8th light layer 20.5 79.8 0
9th dark layer 16.4 65.8 229
10th light layer 20.6 80.2 0
11th dark layer 16.2 65.8 22.5
12th light layer 20.6 80.3 0

Fig. 5. Scanning electron micrograph of the
distinguishable boundary between Co.Si and
Co,Si + C phase in the alternating layer.

carbon could be observed by the overall re-
action zone. It is due to the different thermo-
dynamic driving force and kinetics between
the reaction at the SiC reaction interface

and the reaction at the metal reaction inter-
face. A SEM micrograph ( Fig. 6) shows the
metal reaction zone in the area adjacent to
cobalt. As resulted in SEM/EDAX and
EPMA, it is evidenced to be the carbon free
Co:Si phase. After annealing at 1050°C for
64h the thickness of this zone indicates
about 25 um In contrast to the periodic
band structure in the center of this reaction
zone, crack and pore formations were ob-
served in all SiC/Co samples.

The generation of the cracks is caused by
the various plastoelasic process of the reac-
tion phases, SiC and metal, which is based
on the various thermal expansion coeffi-
cients during cooling of the samples from
annealing temperatures. It was already sug-
gested in the works [16, 17] that during
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Fig. 6. Scanning electron micrograph of the
metal reaction zone.

cooling process of a ceramic/metal reaction
couple critical tensile stress is induced at the
ceramic edge and critical compressive stress
at the metal edge. In temperature ranges be-
tween 293 and 1273 K the thermal expan-
sion coefficients show 4.0 ~ 6.0 x 107%K for
SiC, 6.9 ~16.3 x 107%/K for Co and 11.1 X
1075%/K for CoSi. During SiC/Co reaction the
volume reduction of the reaction products
could be induced to cause the mismatch. The
volume reduction of the reaction products of
Co,Si + C and CoSi+ C cound be calculated
tobe AV=-1.18 cm*/mol SiCand 4V = -
0.74 cm’/mol SiC.

The mechanical properties of the periodic
band structure with carbon precipitates
were examined by the microhardness test.
The avarage microhardness value in the SiC
/Co reaction zone are listed in Table 2. The
analysis was performed over the cross- sec-
tions of the reaction zone from the SiC over
the SiC reaction zones with the various lay-
ers to the cobalt. As the result, the 1st SiC
reaction zone (CoSi+ C) shows substantial-
ly high microhardness value of 2691 kp/mm?,

Table 2
Average microhardness value in the SiC/Co
reaction zone

Zone Phase Microhardness
(kp/mm?)

Ceramic SiC 3844

SiC reaction zone CoSi+ C 2691

CPZ CoSi+ C 1267

CFz Co:5i1 689

CpZ CoSi+C 835

Metal reaction

zone Co:Si 349

Metal Co 232

CPZ ; Carbon precipitation zone.
CFZ ; Carbon free zone.

in comparison to the low value of 349 kp/
mm’ in the metal reaction zone. The carbon
precipitation zone (CPZ) of Co.Si+ C as
well as carbon free zone (CFZ) of Co,Si
shows 1267 to 689 kp/mm?’ It is assumed
that the value of the microhardness has the
tendency to decreases associated with the lo-
cation from the SiC reaction interface.

The kinetics of the reaction SiC and cobalt
have been studied systematically at tempera-
tures between 950 and 1250°C for various
times between 4 and 100 h. On the assump-
tion that the reaction is diffusion controlled,
the thickness of the reaction zone follows a
parabolic growth law. The thicknesses of the
reaction zone have been plotted at various
temperatures as a function of the square
root of annealing time in Fig. 7. As the reac-
tion thickness shows linear and parabolic re-

lationship, the

reaction seems to be
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Fig. 7. Growth of the reaction thickness ir
SiC/Co reaction zone vs square root of time
for various times and temperatures.

diffustion controlled. The reaction coefficient
is proportional to x%t, so that the logarithm
of the reaction coefficients vs the reciprocal
of the absolute temperature has been plotted
in Fig. 8. The activation energy and the fre-
quency factor are proposed to be 148 kJ/mol
and 7.01 X 10™* cm’/s respectively. The
activation energy is similar to the values for
various metal silicides formed by reactions
between Si and metals at lower tempera-
tures [ 18].

4. Discussion

The results could be explained in terms of
interface structures and reaction Kkinetics,
which lead to the formation of cobalt sili-
cides and carbon precipitates in the
diffustion controlled reaction zones. Consid-
ering the overall reactions between SiC and
cobalt, the thermodynamics of the reactions

1250 1150 1050 950°C

Q=148 kJ/ Mol
k,=7.01-10"%cm?/s

20+

21 4

Reaction coefficient, Ink fcm®/s)

"

: 4 +
0.6 0.7 0.8 0.9

Temperature [1000/T ), 1/k

Fig. 8. Reaction coefficients in SiC/Co reac-
tion zone vs reciprocal absolute temperature
[Ink=f(1/T)].

could be described by calculating the Gibb's
free energy (4G) [19] for various reac
tions within the system. Table 3 shows Gibb’
s free energy of the possible reactions for
SiC/Co system at 1050°C. The result pre-
dicts which phases are stable at the thermo
dynamic equilibrium. At temperature 1050
C, cobalt is known to react with silicon to
form two silicides CoSi and Co.Si, because

the 4G-values are highly negative. Less
negative values are calculated for the corre-
sponding reaction Co+ SiC= CoSi+ C and

CO-’r—%—SiC:%COzSi“F% C, because of

the energy needed for SiC decomposition.
CoSi; and Co,C are thermodynamically not
possible at this temperature. As a result, the
solid state reaction between SiC and cobalt
could be prescribed by the decomposition of
SiC and the formation of CoSi+ C, Co,Si+
C and Co;Si predominantly.

The mechanism of the periodic band struc-
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Table 3
Gibb's free energy of the possible reactions
for the SiC/Co system at 1050°C

Gibb'’s free
energy at
1050°C
(kJ/mol)

Possible reactions

lan_ 1 1
Co+ 5SiC=5CoC+5Si 275

Co+ 2SiC = CoSi+ 2C 14
cw%sx::%c@sw%c 335
Co+ SiC=CoSi+ C _374
Co+ Si+ CoSi _ 867
Co+ %Si — %COzSi 488

ture formation in SiC/Co reaction zone could
be interpreted by the following four pro-
cesses in Fig. 9. As shown in Fig. 9 (a), it is
clear that SiC must be decomposed into sili-
con and carbon because of cobalt diffusion
in SiC. In this case, when the cobalt reaches
SiC interface the same amount of cobalt dis-
solves much more SiC, yielding much more
free carbon. After decomposition of SiC, two
types of interfacial reactions could be oc-
curred in Fig. 9 (b). In the case of the reac-
tion at SiC interface, cobalt reacts decom-
posed silicon and produces the reaction
phase of CoSi+ C. Considering the Gibb's
free energy based on 1 g-atom cobalt at
1050°C in Table 3, the possible reactions at
SiC interface are as follows :

(a) Decomposition of SiC by metal diffusion (b) Si diffusion in metal and silicide for mation

/’s;
CO e
sic”7 “
\ v~ Co b—
c

Si s b
ad CoSi
SiC + [CoSi Co
. Cc
C -

(c) Supersaturation of C in silicides and
C diffusfon in CPZ

(d) Separation of CPZ and combination of CFZ

Q
A

N
eso(Noee (") ooe

SiC CoSi| Co

O

SiC | + |CoSi[, + [+ +] + [Co

CoSi Co,Si Co,Si

C C Co,Si

CPZ : Carbon precipitation zone
CFZ: Carbon free zone

Fig. 9. Schematic representation of the mechanism of periodic band structure

formation in SiC/Co reaction zone.
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Co+SiC=CoSi+C: 4G=-374 kJ/mol
(1)

lap 1o o 1.
Co+ 5 SiC= 5 CoSi+ 5 C: 4G
— - 33.5k]/mol (2)

This thermodynamic data show the preferen-
tial formation of CoSi+ C at this SiC reac-
tion interface.

On the other hand, silicon diffused into co-
halt and produces cobalt silcide at cobalt in-
terface. At this reaction interface the Gibb's
free energy based on 1 g-atom silicon at
1050°C are as follows :

Si+2Co=CoSi+C: 4G =-97.6 kJ/mol
(3)
Si+Co=CoSi: 4G=-86.7 kJ/mol (4)

It is noted that only the reactions between
silicon and cobalt by the silicon diffusion
into cobalt and cobalt diffusion into cobalt
silicide could be available at metal reaction
interface. According to the thermodynamic
data, the reaction phase of Co,Si is formed
predominantly at this metal reaction inter-
face.

In addition, as shown in Fig. 9 (c), small
carbon particles with a high density in CoSi
precipitate out and diffuse along the sili-
cide - carbon interfaces in CPZ. The pure sili-
cide matrix band becomes broader and car-
bon supersaturation increases, until a new
carbon precipitation occurs. Finally in Fig. 9
(d), as the reaction goes on, the CPZ at the
SiC reaction zone becomes to separate into
CPZ and CFZ by the carbon diffusion, and
the CFZ at the cobalt reaction zone becomes

to be combined by the two kinds of CFZ
which were formed by the silicon diffusion
into cobalt and cobalt diffustion into cobalt
silicides.

Consequently, the carbon precipitations
are revealed by the structure change accord-
ing to the location from SiC reaction inter-
face. This structure change of carbon could
be explained by the thermodynamics and ki-
netics between the reaction at SiC reaction
interface and the reaction from the location
from the SiC reaction interface to cobalt re-
action interface. According to the thermody-
namic data at 1050°C, the decomposition of
SiC at SiC interfacs exhibits positive Gibb's

- free energies, and the silicide formation at

cobalt interface shows highly negative val-
ues. This difference of the Gibb's free ener-
gy provides the thermodynamic driving
force to exhibit the structure change gener-
ated by the carbon precipitations and graphi-
tizations varied as a function of the distance
from the SiC reaction interface to cobalt re-
action interface.

5. Conclusions

The solid state reaction between SiC and
cobalt at temperatures between 950 and
1250°C for various times between 4 and 100
h lead to the formation of various silicides
with carbon precipitations extending the
preiodic band structure of SiC/CoSi + C/Co,
Si+ C/Co.Sv/----+- Co,51/Co in the reaction
zone. The preferential reaction of Co + SiC
= CoSi + C is exhibited at SiC reaction in-
terface, and the predominant reaction of Si
+2Co = Co:Si is available at cobalt metal
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reaction interface.

The mechanism of the periodic band struc-
ture formation is SiC/Co reaction zone could
be interpreted by the following four pro-
cesses | (1) decomposition of SiC by cobalt
diffusion, (2) silicon diffusion in cobalt and
silicide formation, (3) supersaturation of
carbon in silicides and carbon diffusion in
CPZ and (4) separation of CPZ and combi-
nation of CFZ. The periodic band structure
with carbon precipitations are revealed by
the structure change according to the loca-
tion from SiC reaction interface. The ther-
modynamic driving force caused by the dif-
ference of the Gibb's free energies for the
possible reaction at SiC interface and cobalt
interface provides to change the interface
structure with the carbon precipitation be-
haviour and graphitization.

The generation of the cracks in caused by
the various plastoelasic process and volume
reduction on the reaction phases, SiC and
metal. The avarage microhardness value has
the tendency to decrease associated with the
location from the SiC reaction interface. The
reaction kinetics of growth in thicknesses of
the reaction zone shows linear and parabolic
relationship. The activation energy and the
frequency factor are proposed to be 148 kJ/
mol and 7.01 x 10™* em?/s.
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