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Interface structure and reaction kinetics between 
SiC and thick cobalt foils 
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Reaction couples of SiC with thick cobalt foils were annealed in an Ar -4  vol % H2 atmosphere 
at temperatures between 950 and 1250~ for times between 4 and 100 h. At temperatures 
above 950 ~ solid-state reactions lead to the formation of various silicides with carbon 
precipitates. The typical layer sequence in the reaction zone was determined by quantitative 
microanalysis to be SiC/CoSi + C/Co2Si + C/Co2Si/CozSi + C/.../Co2Si/Co (Si)/Co. The 
mechanism of the periodic band structure formation with the carbon precipitation behaviour 
was discussed in terms of reaction kinetics and thermodynamic considerations. Two ternary 
phases, CoSiC2 and Co2SiC3, unstable at room temperature, may exist in the system 
Co-Si-C. The growth of the reaction zone is dependent on the square root of time. The 
reaction kinetics are proposed to estimate the effective reaction constant from the parabolic 
growth of the reaction zone. The mechanical properties of the reaction zones were 
determined by the microhardness test. 

1. Introduction 
Solid-state reactions between ceramics and metals are 
of great interest in materials science because of the 
technological applications for devices fabricated with 
both ceramic and metal components. SiC is used 
for high-temperature applications in the form of 
a monolithic ceramic or in ceramic or metal-matrix 
composites [1-3]. SiC is also potentially a useful 
semiconducting material for high-temperature, high- 
frequency and high-power electronic devices [4-6]. In 
all these applications, as well as for the process of 
joining SiC and SiC to metal with metallic intermedi- 
ates, detailed knowledge about SiC/metal interactions 
and the thermal stability of SiC/metal interfaces is of 
primary importance I-7-9]. The chemical, thermal and 
crystallographic compatibility, which is dependent on 
the interfacial reaction, thermal expansion mismatch 
and lattice mismatch, must be considered to establish 
the thermal stress gradients across the reaction zone. 

The properties of SiC-metal contacts are of increas- 
ing 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 devices. In the case of other more common 
semiconducting devices, knowledge of the reactivity, 
thermal stability and electronic structure of semi- 
conductor-metal interfaces is extremely important for 
understanding the devices and controlling device 
performances. One area of interest is the use of the 
low-temperature silicide-forming metals on SiC 
substrates in the attempt to form contacts after ther- 

mal annealing. Many metals have a strong tendency 
to interdiffuse at semiconductor/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 work was phenomenological 
in nature because of the complex chemistry of interface 
formations, and the mechanisms proposed in the stud- 
ies were somewhat obscure due to the complicated 
experimental conditions. In a previous study [15], the 
interracial reaction and adhesion between SiC and thin 
sputtered cobalt films in the temperature range between 
500 and 1450~ were reported. The investigation 
aimed at providing the surface morphology, reaction 
products and adhesive strength using thin cobalt films 
deposited on SiC substrates. Because of the limited 
thickness of the thin cobalt films following exposure for 
a few hours at elevated temperature, the complete reac- 
tion path could not be determined in this investigation. 

Therefore, more detailed information about the in- 
terfacial reaction is required for improved understand- 
ing of SiC/Co interfaces. In this work, we investigated 
the interface structure and reaction kinetics of SiC/Co 
from a different perspective, using thick metal foils. In 
more detail, the formed interface-like periodic band 
structure and carbon precipitation, were investigated. 
The mechanical properties of the reaction zones were 
examined by the microhardness test. 
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2. Experimental procedure 
The materials used for the experiments were highly 
dense sintered s-SiC from "Elektroschmelzwerk 
Kempten", ESK, and thick cobalt foils fi'om Alfa 
Prod]Johnson  Matthey Company. The polycrystal- 
line SiC contained 1.5 wt % total impurities, such as 
carbon and aluminium (ESK). The cobalt foil has a 
purity of 99.99% and a thickness of about 0.5-1 ram. 
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 disc. The SiC plates were then polished with 
a diamond disc using diamond pastes of 30, 15, 3, 1 gm 
and hyperliquids (polishing solution). The ceramic 
and metal samples were ultrasonically cleaned in 
ethanol, rinsed with water and dried. After polishing, 
the surface of SiC showed an average roughness of 
4.7 nm measured by surface profilometry. As reported 
in a previous study [15], the surface SiC showed 
a typical mixed structure of globular to long/plate 
form, and the average grain size was about 4 gin. 

Annealings were conducted in a high-temperature 
vacuum furnace with a graphite heating element 
manufactured by Degussa, Germany. The ceramic 
and metal reaction couples were placed in a graphite 
crucible and loaded with a weight of 5kp  
(1 kp = 9.8067 N). The specimens were surrounded by 
titanium to remove the residual oxygen of the anneal- 
ing time. After positioning the samples, the furnace 
was evacuated to 6 x 10 .6  mbar (1 mbar = 10 z Pa) 
and subsequently filled with a gas mixture of 
Ar/4 vol % Ha. The couples were annealed at temper- 
atures between 950 and 1250~ for 4-100 h. Ther- 
mocouples of type EL18(PtRh30/PtRh6) were used 
for the temperature measurement. The heating rate 
was set between 20 and 30 K rain - 1 and the cooling 
rate between 5 and 10 K m i n  - t .  

The reaction couples were cut by a diamond disc 
and then embedded in copper resin. After mounting, 
the reaction couples were ground on a diamond disc, 
polished with diamond paste of 30, 15, 6, 3 and 1 gm 
and finished with an A1203 suspension. The polished 
cross-sections were investigated using optical micro- 
scopy and scanning electron microscopy (SEM). 
Quantitative atomic concentration profiles of silicon, 
carbon and cobalt were measured using electron 
probe microanalysis (EPMA). Mechanical properties 
of the reaction zone were determined with the micro- 
hardness test. 

3. Results 
3.1. Interface structure 
Fig. 1 shows a cross-sectional view of the overall 
reaction zone of SiC/Co after annealing at 1050 ~ 
for 64 h. The reaction zone consists of various kinds of 
distinct regions. This constitution could be identified 
by measurements using EPMA. Based on EPMA, 
qualitative analysis over the overall reaction zones is 
represented in the form of line scans for the elements 
silicon, carbon and cobalt in Fig. 2, which corresponds 
to the whole region in Fig. i. Adjacent to the SiC, 
a grey layer was observed (Fig. lb). Concentration 
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Figure i A cross-sectional view scanning electron micrograph of 
the overall reaction zone of SiC/Co after 64 h at 1050 ~ (a) SiC, 
(b) SiC reaction zone of CoSi + C, (c) alternating layers of 
Co2Si + C/Co2Si/Co2Si + (2/ . . . .  (d) metal reaction zone of CozSi 
and (e) cobalt metal. 
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F 

Figure 2 E P M A  line scan for silicon, carbon and cobalt over the 
corresPonding SiC/Co reaction zone in Fig. 1; (a) SiC, (b) SiC 
reaction zone of CoSi + C, (c) alternating layers of 
Co2Si + C/C02Si/CozSi + C/ . . . .  (d) metal reaction zone of C02Si 
and (e) cobalt metal. 

profiles across the SiC reaction zone, line-scanned by 
EPMA (Fig. 2b), indicate additional concentration for 
cobalt and a lower intensity for silicon compared to 
that in pure SiC phase. Adjacent to this reaction zone, 
a large reaction zone can be recognized with evidently 
higher cobalt and lower silicon content than that in 
the first mentioned reaction layer (Fig. 2c). The carbon 
intensity alternates in this region between zero and 
high maxima, corresponding to the bright and dark 
alternating layer sequences in Fig. lc. 

The microstructure of both reaction zones can be 
seen at a high magnification in Fig. 3a and b. The first 
SiC reaction zone is composed by much finer carbon 
precipitates in comparison to the zone further re- 
moved from the SiC reaction front. In this contact 
area the original microstructure of SiC can be recog- 
nized, where the precipitates are distributed texturally 
in a defined direction of the originally SiC crystal 
(Fig. 3a). 



Figure 3 High-magnification scanning electron micrographs of the 
SiC reaction zone showing a relatively wide band of CoSi with fine 
carbon precipitates. 

On the other hand, adjacent to the unreacted cobalt 
metal, a metallic similar reaction zone is formed with 
a large number of cracks (Fig. ld) formed after the 
annealings in the examined temperature range between 

950 and 1250~ for various times. Characteristic of 
this zone is the absence of carbon precipitates. The 
line-scan of EPMA (Fig. 2d), also indicates the ab- 
sence of carbon and a small intensity of silicon, which 
decreases continuously in the unreacted cobalt metal. 
According to this profile for silicon intensity, an in- 
ward diffusion of silicon into the cobalt metal was 
detected to a depth of 70 gm in Fig. 2e for this experi- 
ment. 

Details of the carbon precipitates in the alternating 
layers are shown in the EPMA images of Fig. 4. The 
secondary electron image and X-ray maps with the 
distribution of the elements carbon, cobalt and silicon 
could be identified, so that the carbon is revealed to be 
in a regular arrangement in the reaction zone only in 
well-defined regions, where silicon and cobalt are 
more or less uniformly distributed in all the examined 
surfaces. 

Integral quantitative analysis of the elements sili- 
con, carbon and cobalt in all reaction zones was made 
with a defocused electron beam of the EPMA. The 
average concentrations are summarized in Table I. 
The analysis was performed over the corresponding 
SiC/Co reaction zone (Fig. 1) from the SiC over the 
SiC reaction zone with the various layers (first dark 
layer, second bright layer, third dark layer, ... ) to the 
metallic phase and the unreacted cobalt. The average 
concentrations of cobalt and silicon in the first dark 
layer adjacent to SiC shows 25.7 wt % Si, 51.6 wt % 
Co and 23.5 wt % C corresponding to the values of 
24.3 at % Si, 23.5 at % Co and 52.3 at % C. Assuming 
that the carbon is precipitated in a separated phase 
this atomic ratio indicates the presence of CoSi, while 
to two carbon atoms correspond to one CoSi. In the 
adjoining bright layer, the reaction phase of Co2Si 
(with the concentrations of 20.6 wt % (32.0 at %) for 
silicon, 80.1 wt % (68.0 a t%)  for cobalt) is free of 
carbon. The concentration of carbon in all dark layers 
fluctuates between 21.5 and 23.5 wt %. It is noted that 
the amount of carbon does not increase or decrease 
systematically. The concentration relationship of 
Si/Co was also confirmed to be constant and indepen- 
dent of the presence of carbon. This atomic ratio 
corresponds to CozSi. The overall concentration of 
the three elements in the dark layers yields about three 
carbon atoms to one Co2Si. 

At a higher magnification, a scanning electron 
micrograph (Fig. 5) shows an easily distinguishable 
boundary between the bright layer from Co2Si and the 
dark layer from Co2Si + 3C in detail. Some carbon 
particles are also partially and randomly distributed 
in the bright area. The dark area is featured by the fine 
carbon precipitation between Co2Si phases. The com- 
position of the cobalt silicide, Co2Si, in the dark area 
is identical to that in the light area. The width of the 
bands of Co2Si and Co2Si + 3C becomes smaller with 
increasing distance from the SiC reaction interface. 
Moreover, the periodic carbon precipitation is re- 
vealed by the structure change according to the loca- 
tion of the SiC reaction interface. This structure 
change of carbon could be observed through the reac- 
tion zone. It is due to the different thermodynamic 
driving force and kinetics between the reaction at the 
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Figure 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. 

TABLE I Average concentrations of silicon, cobalt and carbon in 
the SiC/Co reaction zone after 64 h at 1050~ 

Microstructure Si (wt %) Co (wt %) C (wt %) 

SiC 65.0 0.0 35.0 
First dark layer 25.6 51.6 23.5 
Second bright layer 20.6 80.1 0.0 
Third dark layer 16.1 64.1 21.8 
Fourth bright layer 20.7 80.4 0.0 
Fifth dark layer 16.4 65.0 23.5 
Sixth bright layer 20.6 79.9 0.0 
Seventh dark layer 16.0 65.0 21.5 
Eighth bright layer 20.5 79.8 0.0 
Ninth dark layer 16.4 65.8 22.9 
Tenth bright layer 20.6 80.2 0.0 
Eleventh dark layer 16.2 65.8 22.5 
Twelfth bright layer 20.6 80.3 0.0 

SiC reaction interface and the reaction at the metal 
reaction interface. 

A scanning electron micrograph (Fig. 6) shows the 
metallic reaction zone in the area adjacent to cobalt. 
From quantitative analysis by EPMA, it was proved 
to be Co2Si phase free of carbon precipitation. In 
contrast to the periodic band structure in this reaction 
zone, cracks and pores were observed for all SiC/Co 
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Figure 5 A scanning .electron micrograph of the distinguishable 
boundary between Co2Si and Co2Si + C phase in the alternating 
layer. 

samples. The thickness of this zone is about 25 gm 
after annealing at 1050 ~ for 64 h. 

3.2. Mechanical properties 
The generation of cracks is caused by the various 
plastoelastic processes during cooling of the samples 



Figure 6 A scanning electron micrograph of the metal reaction 
z o n e ,  

T A B L E I I Average microhardness values in the SiC/Co reaction 
zone 

Zone Phase Microhardness 

(kpmm -2) (103Nmm -2) 

Ceramic SiC 3844 37.7 
SiC reaction zone CoSi + C 2691 26.39 
CPZ" Co2Si + C 1267 12.43 
CFZ b CozSi 689 6.76 
CPZ CozSi + C 835 8.19 
Metal reaction zone CozSi 349 3.42 
Metal Co 232 2.28 

a cPz,  Carbon precipitation zone. 
b CFZ, Carbon-free zone. 

f rom the annea l ing  tempera ture ,  based  on the var ious  
the rmal  expans ion  coefficients of the formed reac t ion  
phases.  I t  has a l r eady  been suggested [16, 17] tha t  
dur ing  the cool ing  process  of a ce ramic /meta l  reac t ion  
couple,  cr i t ical  tensile stress is induced  at  the ceramic  
edge and  cri t ical  compress ive  stress at  the meta l  
edge. In  the t empe ra tu r e  ranges be tween 293 and  
1273K,  the the rmal  expans ion  coefficients are 
4.0-6.0 x 10 .6  K for SiC, 6.9-16.3 x 10 . 6  K for coba l t  
and  11.1 x 1 0 - 6 K  for CoSi. The  S iC/Co  reac t ion  
could  be caused  by  the misma tch  t h rough  the vo lume 
reduc t ion  of  the reac t ion  products .  The  fo rma t ion  
of  the reac t ion  p roduc t s  CoaSi  + C and  CoSi  + C 
leads to a vo lume reduc t ion  of  AV = - 1 . 1 8  and  
0.74 cm 3 mol  - ~ SiC, respectively.  

The  mechanica l  p roper t ies  of the to ta l  reac t ion  zone 
were examined  by  the mic roha rdness  test. The  average 
mic rohardness  values of the different regions in the 
S iC/Co  reac t ion  zone  are  l isted in Table  II. The 
measurement s  were pe r fo rmed  over  the cross sections 
of this zone f rom the SiC and  the SiC reac t ion  layers  
to the metal l ic  cobal t .  The  first reac t ion  zone 
(CoSi + C) shows a subs tan t ia l ly  higher  mic roha rd -  
ness value of 2691 k p m m  -2, ( ~ 26.39 x 103 N m m - 2 ) ,  
in c o m p a r i s o n  to the low value of  349 k p m m  -2  
( ~  3.41 x 103 N m m  - z )  in the meta l  reac t ion  zone. 
The value in the zone with  the ca rbon  prec ip i ta t ion  
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Figure 7 Growth of the reaction thickness in SiC/Co reaction zone 
versus square root of time for various times and temperatures. 
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Figure 8 Reaction coefficients in SiC/Co reaction zone versus recip- 
rocal absolute temperature [lnk =f(1/T)]. 

(CPZ), Co2Si + C, as well as in the carbon-f ree  
zone (CFZ)  CozSi, decreases con t inuous ly  f rom 
1 2 6 7 k p m m  -2  to 6 8 9 k p m m  -2  ( ~ 1 2 . 4 3 x 1 0 3 N  
m m  - z  to ,,- 6.76 x 103 N m m - 3 ) .  I t  is a ssumed  tha t  

the value of the mic rohardness  is a result  of  the micro-  
s t ructure  and  the in ternal  stress in this area. 

3 . 3 .  R e a c t i o n  k i n e t i c s  
The kinetics of the reac t ion  SiC and  Co were s tudied  
for t empera tu res  be twen 950 and  1250 °C and  t imes 
between 4 and  400 h. O n  the a s sumpt ion  tha t  the 
reac t ion  is diffusion-control led,  the thickness  of  the 
reac t ion  zone follows a pa r abo l i c  g rowth  law. There-  
fore, the thicknesses of  the reac t ion  zone are  p lo t t ed  in 
Fig. 7 for var ious  t empera tu res  as a funct ion of  the 
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square root of annealing time. This relation shows 
a linear relationship indicating that the reaction is 
diffusion-controlled. The reaction coefficient, k, is 
equal to x2/t and is dependent with the temperature 
according to the equation 

k = k0exp( -  Q/RT) (1) 

where ko is the frequency factor and Q the activation 
energy of the chemical process. The relation of the 
logarithm of the reaction coefficients versus the recip- 
rocal of the absolute temperature is linear, as plotted 
in Fig. 8. The activation energy and the fi'equency 
factor calculated from this relationship are 
148 kJ mol- 1 and 7.01 x I0-4 cm 2 s- 1, respectively. 
The activation energy is similar to the values for 
various metal silicides formed by reactions between 
silicon and metals at lower temperatures [18]. 

4. Discussion 
The results will be discussed below in terms of inter- 
face structure and reaction kinetics, leading to the 
formation of cobalt silicides and carbon precipitates in 
the diffusion-controlled reaction zones. Considering 
the thermodynamics calculated by the Gibbs' free en- 
ergy, AG, for various reactions, as given in the Interna- 
tional Tables [19], the reaction products between SiC 
and Co could be correlated within this system. 
Table III shows Gibbs' free energy of the possible 
reactions at 1050 ~ The result predicts which phases 
are stable at the thermodynamic equilibrium. At tem- 
peratures of 1050~ cobalt is known to react with 
silicon to form three silicides CoSi, CozSi and CoSiz, 
because the AG values for the formation of these com- 
pounds are negative. Less negative values are cal- 
culated for the corresponding reaction with SiC, i.e. 

C o + S i C  = C o S i + C  AG= -37 .4kJmol -1  
(2) 

and 
Co + 1/2SIC = 1/2CozSi + 1/2C 

AG = - 33.5 kJ tool- 1 (3) 

because of the energy needed for SiC decomposition. 
The formation of CoSi2 and Co2C by the reaction 
with SiC is not thermodynamically possible at this 
temperature. The solid-state reaction between SiC and 
cobalt could generally be described as the formation 
of CoSi/C and Co2Si/C, which results in the decompo- 
sition of SiC and the precipitation of carbon. 

T A B L E  I I I  Gibbs '  free energy  of poss ib le  reac t ions  for S iC/Co 

sys tem at  1050 ~ 

These thermodynamic calculations are largely 
confirmed by the experimental results of this study. 
Moreover, the formation of layers with the following 
mixtures ranging from SiC to unreacted metallic co- 
balt was found: 

1. CoSi + 2C; 
2. Co2Si; 
3. Co2Si + 3C; 
4. Co2Si with cracks; and finally 
5. cobalt with dissolved silicon in graded concen- 

tration. 

Layers 2 and 3 are repeated several times. The form of 
the carbon precipitates in the mierostructure is indica- 
tive of the formation of this phase during the cooling 
process. In other words, prior to the formation of 
carbon precipitates, i.e. at the treatment temperature, 
a ternary phase of a cobalt carbosilicide with the 
composition CoSiC2 was present in the first zone at 
the interfaces with SiC. In the layered zone between 
two CozSi films a carbosilicide with the formula 
Co2SiC3 was formed. The existence of ternary phases 
in the Co-Si-C system has not been reported in the 
literature to date. The formation of ternary phases in 
a metal-carbon-silicon phase diagram has already 
been mentioned on several occasions, for example in 
the Ti-C-Si system [20]. The Ti2SiCz is a stable phase 
down to room temperature and was produced in pure 
form determining its physical properties [21, 22]. In 
the Co-C-Si system, this carbosilicide is not stable 
down to room temperature and is decomposed into 
Co2Si and carbon, forming the dark layers observed 
on the cross-sections of the reacted samples. More- 
over, this carbosilicide of cobalt apparently dissolves 
a rather large amount of Co2Si in the temperature 
range examined. This solution has, then, a general 
composition of Co2SiC3_ x. The solubility markedly 
decreases at lower temperatures and, finally, a phase 
separation into CozSi + CozSiC 3 takes place. In the 
experimental configuration examined, cooling in the 
furance is effected by heat radiation upon switching 
off the furnace. Under these conditions, the specimen 
surface was cooled first, and a certain temperature 
gradient was formed from the outside inwards. Under 
these conditions, different layers of the reaction zone 
formed reach the above temperature limits and lead to 
separation of the two phases, CozSi-t-CozSiC3, at 
different times in the same way as observed in the 
microstructure of the reaction zone. 

Future work with a high-temperature X-ray camera 
has to be done to establish this phase diagram at high 
temperatures and to determine the temperature limits 
of the reported transformations. 

Poss ib le  r eac t ions  Gibbs '  free energy 
at  1050 ~ ( k J m o I -  ~) 

Co + 1/2SIC ~* 1/2Co2C + 1/2Si 27.5 

1 \ 2 C o  + SiC ~ -  1/2CoSiz + C 2.4 
Co + SiC ~=~ CoSi  + C - 37.4 

2Co + SiC ~ Co~Si + C - 67.0 
1/2Co + Si ~ 1/2CoSiz - 46,9 

Co + Si ~ CoSi  - 86.7 
2Co + Si ~ -  Co~Si - 99.6 

5. Conclusion 
The solid-state reaction between SiC and thick cobalt 
foils at temperatures between 950 and 1250~ for 
various times between 4 and 100h leads to the 
formation of various silicides with carbon precipi- 
tations extending the periodic band structure 
of SiC/CoSi + C/Co2Si + C/Co2Si/ ... Co2Si/Co in 
the reaction zone. The preferential reaction of 
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Co + SiC = CoSi + C is exhibited at the SiC reac- 
tion interface, and the predominant reaction of 
Si + 2 C o  = C o z S i  is present a t  t he  c o b a l t - m e t a l  

reaction interface. 
The thermodynamic driving force caused by the 

difference of the Gibbs' free energies for the possible 
reactions at the SiC interface and the cobalt inter- 
face causes a change of the interface structure with 
the carbon precipitation behaviour. The microanaly- 
sis of the periodic band structure formed in the 
SiC/Co reaction zone indicates the existence of 
ternary phases such as CoSiC2, Co28iC3,  and 
Co2SiC3-x solid solutions at the temperature of 
the heat treatments. These ternary phases are un- 
stable at the room temperatures and decompose in 
the binary phases CoSi, CozSi and carbon during the 
cooling process. 

The generation of cracks is caused by the various 
plastoelastic processes and volume reduction of the 
reaction phases, SiC and metal. The average micro- 
hardness value has the tendency to decrease asso- 
ciated with the location of the SiC reaction interface. 
The reaction kinetics of growth in the thicknesses of 
the reaction zone shows a linear and parabolic re- 
lationship. The activation energy and the frequency 
factor are proposed to be 148kJmo1-1 and 
7.01 x 10-4 cm2 s -1. 
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