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Abstract Surface structure and adhesion by the reaction between thin metal films and SiC
were studied at temperatures between 550 and 1450°C for various times. The reaction with the
formation of various silicides was initially observed above 850°C for SiC/Co system and 650°C
for SiC/Ni system. The cobalt reacted with SiC and consumed completely at 1050°C for 0.5 h
and the nickel at 950°C for 2 h. The observed CoSi phase in SiC/Co and Ni,Si phase in SiC/Ni
are thermodynamically stable in the reaction zone up to 1250°C and 1050°C respectively. Car-
bon was crystallized as graphite above 1450°C for SiC/Co reaction surface and 1250°C for SiC/
Ni. The critical loads of the thin metal films on SiC substrate were qualitatively compared in
terms of the scratch test method. At temperatures between 850 and 1050°C, relatively higher
values of 20~33 N were observed for SiC/Ni couples.
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1. Introduction

The properties of metal-SiC contacts are
of increasing technological interest as the
result of large band gap of single crystal SiC
(2.9 eV). The largy band gap allows SiC to
be used in a variety of solid - state electronic
devices, e.g., wide spectra range light emit-
ting diodes [1-3]. In the case of silicon-
metal contacts, the interaction between the
SiC and a metal during thermal annealing
determines the properties of the contacts.
One area of interest is the use of metals
forming silicides on SiC substrates at low
temperature, in the attempt to form contacts
with thermal annnealing [ 4 -8].

Many metals have a strong tendency to
interdiffuse at semiconductor-metal inter-
faces and most metals readily form carbides
or silicides. A thorough characterization and
understanding of SiC-metal interfaces, in
terms of reactivity and thermal stability, is
therfore crucial in the design of SIiC devices.
Several studies have been reported to devel-
op some basic understanding on the physical
and chemical interactions at the SiC-metal
interfaces [9-13]. For the reaction of SiC
with various types of metals, different sili-
cides, free carbon, metallic alloys and car-
bides have been observed as reaction prod-
ucts.

Cobalt and nickel could be used to make
good high - temperature contacts for utilizing

the properties of SiC. They are also of spe-
cific interest due to its silicide - forming ten-
dency at low temperature, making a suitable
material for metallization. In this paper, the
surface structure and adhesion of thin sput-
tered cobalt and nickel films with 2 um
thickness doposited on SiC were studied at
temperatures between 550 and 1450°C for
various times. The adhesion of the formed
surface between the polycrystalline SiC and
the thin metal layers is discussed on the
basis of measurement of the critical load,

using the scratch test.

2. Experimental

The materials used for the experiments
were sintered and highly dense «-SiC from
“Elektroschmelzwerk Kempten”, ESK, and
thin sputtered cobalt and nickel films. The
polycrystalline SiC contained 1.5 wt% total
impurities, such as carbon and aluminium
(ESK). SiC plates were cut into small pieces
with a diameter of 20 mm and a thichness of
3 mm and ground with a BN/C disk. The
ground SiC samples were ultrasonically
cleaned in ethanol, rinsed with water and
dried. After the grinding process, the sur-
face of the samples showed an average
roughness of 32.6 nm (measured by surface
profilometry). The SiC plates were then pol-
ished with a diamond disk using diamond
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pastes of 30, 15, 3, 1 um and hyprez liquids
(polishing solution).

The cobalt and nickel films were sputter -
deposited on to the polished SiC substrates
in a commercial sputter equipment (Leybold
/Germany, type Z-400). A magntron-type
D.C. sputtering source was used to deposit
the coatings. Flowing argon was employed
as a sputter gas with a partial pressure of
4.0-7.0 X 107? mbar. D.C. potentials were
varied between 400 and 500 V depending on
the current density and pressure. The tem-
perature of the substrate during deposition
was estimated to be between 50 and 250°C.
Film thicknesses were measured by the ob-
servation of film steps on reference sub-
strates using surface profilometry. Prior to
coating, the thickness of nickel films was
controlled by covering the substrate holders
and by exposing the substrates for predeter-
mined times.

Annealings were conducted in a high-
temperature vacuum furnace with a graph-
ite heating element manufactured by
Degussa/Germany. The thin sputtered metal
films on SiC were placed in a graphite cruci-
ble. The specimens were surrounded by tita-
nium to remove the residual oxygen during
the annealing time. After positioning the
samples, the furnace was evacuated to 6 x
107 ¢ mbar and subsequently filled with a gas
mixture of Ar/4 vol%H, for the annealing
time. Thermocouples of type EL18(PtRh30/
PtRh6) were used for temperature measure-
ment in the range 550 ~ 1450°C for 0.5~ 2
h. The heating rate was set between 20 and

30 Kmin™! and the cooling rate between 5

and 10 Kmin™'.

After reaction runs, the samples were
characterized at the surface. The macroscop-
ic variation of the surface structure and the
progress of the reaction on the surface were
examined by optical microscopy, scanning
electron microscopy (SEM) and surface pro-
filometry. The qualitative progress of the re-
action of the thin metal films on SiC sub-
strate was estimated by determining phase
fractions from relative X-ray diffraction
(XRD) peak intensities of at least three co-
incidence - free reflections. The scratch test
revealed the adhesive strength of the an-
nealed samples by measurement of the criti-

cal load for film debonding.

. 3. Results and discussion

3.1. Sputter deposition process

Figure 1 shows the polished and etched
surfaces of sintered SiC (SSiC) and highly
dense SiC (SiC-HD). After polishing, the
surface showed an average roughness of 4.7
nm. The polished SiC was eched with
Murakami solution prepared from 3 g KOH
and 30 g Ki[Fe(CN)] in 60 m]l H,O at boil-
ing temperature for 13 min. The etched SiC
surface in Fig. 1 shows a typical mixed
structure of globular form to long/plate
form and the average grain size 1s 1.78 um
for SSiC and 3.69 um for SiC-HD.

Figure 2 represents the measurements of
the thickness of the sputtered cobalt and

nickel thin films as a function of the sputter



361 Chang - Sung Lim

Fig. 1. Scanning electron micrograph surface structure of ; (a) polished SSiC, (b) polished SiC
-HD, (c¢) etched SSiC and (d) SiC-HD.
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Fig. 2. The thickness of the cobalt and nick-
el thin film as a function of the sputter
times in the range from 0 to 3.5 h. The
growth rate of the cobalt and nickel films in
a magnetron-type D.C. sputtering source
was determined to be 11.7 and 667 nm/min

respectively.

times in the range from 0 to 3.5 h. In both
cases, a magntron-type D.C. sputtering
source was used to deposit the coating. The
growth rate of nickel films was calculated to
be 667 nm/min under the conditions used
(D.C. potential 400 V, partial pressure of Ar
7.0 x 107? and bias voltage - 150 V), and
the growth rate of cobalt films was calculat-
ed to be 11.7 nm/min under the conditions
used (D.C. potential 500 V and partial pres-
sure of Ar 4.0 x 1072?). The applied film
thickness was fixed at 2.0 um for this
study. This thickness allows the penetration
of the CuK, beam entirely into the reaction
zone for investigating the reaction products
by XRD.

The structure of the typical as-sputtered
surface of cobalt and nickel film on a SiC

substrate is shown in Fig. 3. The surface is

Fig. 3. Scanning electron micrograph sur-

face structure of the metal films (2 um

thick) deposited on the SiC substrate ; (a)
cobalt and (b) nickel.

composed of many solidified bubble shapes
about 0.1 ~ 0.5 um diameter. According to
XRD analysis, the deposited cobalt film was
crystallized hexagonally, while the nickel

was crystallized as the cubic modification.
3.2. Surface structure

Annealing experiments were performed in
the temperature ranges between 550 and
1450°C. Surface structures of the thin cobalt
films SiC after annealing at 650, 850, 1050
and 1250°C:are shown in Fig. 4. After an-
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nealing at 650°C (Fig. 4 (a)), no distinct ing at 1450°C, severe reactions were ob-
changes on the surface were observed. Shad- served among the randomly distributed pre-
ow contrasts and pores were revealed after cipitations on the surface (Fig. 4 (d)).

a heat treatment at 850°C for 4 h (Fig. 4 The identification of reaction products
(b)). At 1050°C for 2 h, the surface mor- was confirmed by determining the relative
phology showed increased pore growth and XRD peak intensities. Figure 5 shows the
crack formation (Fig. 4 (c)). After anneal- qualitative phase analysis of the thin cobalt

Fig. 4. Surface structures of the thin cobalt films on SiC after annealing at (a) 650°C, 2 h, (b)
850°C, 2 h, (¢) 1050°C, 2 h and (d) 1450°C, 2 h. The thickness of the cobalt film on SiC sub-

strate was fixed at 2 ym.
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films on SiC based on relative XRD phase
estimation for various annealing conditions.
Below 750°C, no reaction was observed. At
850°C, most of the cobalt layer reacted and
formed the silicide Co,Si. Unreacted cobalt
initially crystallized hexagonally, as identi-
fied by XRD, after this heat treatment as
the cubic modification. It was distributed
predominantly in the film surface. No car-
bide formation, either Co,C or CosC, was de-
tected by XRD.

At 1050°C the entire cobalt film was con-
sumed after 0.5 h. At this temperature, the
amount of CoSi phase increased with anneal-
ing time by decreasing the fraction of Co,Si
phase. Co,Si was fully consumed after 2 h
(Fig. 5). The same reaction stage was
reached at 1250°C after 0.5 h. After 2 h at
1250°C small quantities of graphite could be
detected, presumably developing of graphiti-
zation of carbon formed through the reac-
tion Co + SiC = CoSi + C. The quantity of
graphite was detected XRD as the predomi-
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Fig. 5. Qualitative analysis of the thin cobalt
films on SiC based on relative XRD phase

estimation for various annealing conditions.

nate reaction product and was epitaxially
deposited on the surface of the sample.

A reaction product of the thin nickel films
on SiC was initially detected at 650°C (after
2 h). Photographs of the surface structures
after annealing at 650, 950, 1050 and 1250
‘C are shown in Fig. 6. After annealing at
650°C (Fig. 6 (a)), shadow contrasts on the
surface were observed. A fein agglomation
of the reaction products was revelaed at 950
‘C for 2 h (Fig. 6 (b)). At 1050°C for 2 h,
the surface morphology showed relatively in-
creased agglomations with a partial melting
(Fig. 6 (¢)). After annealing at 1250°C, se-
vere reactions were observed among the
randomly distributed precipitations on the
surface (Fig. 6 (d)). On this sample, graph-
ite formation was indentified by XRD analy-
sis.

Fig. 7 shows the qualitative phase analysis
of the thin nickel films on SiC based on the
XRD analysis for different temperatures
and times. Below 650°C, no reaction was ob-
served. At 650°C, most of the nickel layer
reacted and formed the silicides Ni,Si and
Ni,Si,. Unreacted nickel was crystallized, as
identified by XRD, after this heat treatment
as the cubic modification. It was distributed
predominantly in the film surface. No car-
bide formation, either Ni,C or Ni;C, was de-
tected by XRD. At 750°C, the Ni,Si, phase
was transformed to be the Ni,Si phase after
2 h. At 950°C the entire nickel film was
fully consumed after 2 h. The Ni,Si is the
only observed silicide in the reaction zone up
to 1050°C. After 2 h at 1250°C, the Ni,Si

phase with small quantities of Ni;Si, and
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Fig. 6. Surface structures of the thin nickel films on SiC after annealing at (a) 650°C, 2 h, (b)
950°C, 2 h, (¢) 1050°C, 2 h and (d) 1250°C, 2 h. The thickness of the nickel film on SiC sub-

strate was fixed at 2 ym.

graphite could be detected, presumably de-
veloping by graphitization of carbon formed
through the reactions Ni + % SiC = % Ni,Si

1 . . L
+2Cand N1+§slc=%1\hgslz+§c. An

Increase In temperature results in an In-
crease in the intensity of the XRD peaks of
graphite. While no carbide was detected in
reacted couples at 1250°C, nickel silicides
and graphite were detected by XRD.
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Fig. 7. Qualitative analysis of the thin nickel
films on SiC based on relative XRD phase

estimation for various annealing conditions.

3.3. Critical load

The adhesive strength is presented in
terms of the critical load determined with
the scratch test method. A commercially
available scratch test apparatus, designed by
Suisse de -Recherches
Horlogeres (LSRH), was used to study the

adhesion of the thin metal films on SiC sub-

the Laboratoire

strate before and after various annealings.
The unit has a diamond stylus in the form of
a Rockwell C 120° cone with a spherical tip
radius of 0.20 mm. Loads were applied in
steps of 100 gf up to a maximum of 20 kgf
(1 kgf =9.8067 N). The typical acoustic
emmision signal curve on the cobalt films on

SiC after various annealing conditions are il-

| )
- h
=
E E
= [ [ £ |
5 ®
) I & T ! l
@ @ |
L £ 1 I [
@ é ) l L
b o
& «
Lc=6.0N . .1 1 chw'ONi
T T Y T T T T o = T T v Y T
10 20 Y 40 10 20 30 40
Stylus toad in N Stylus load in N
7
© | @ |
2 = i !
1S
1
£ { [ | { : | |
H TIT g ] | *
o1 |
> »w
: |
@ <
g g |
=3 o
< a
Lc=6.5N Ltc =80 N
T T T T T T T T T T T T T
10 20 o 40 10 20 30 40

Stylus load in N

Stylus toadin N

Fig. 8. Acoustic signals as a function of stylus load for various reaction surfaces of cobalt films
on SiC after annealing at:(a) 850°C, 2 h, (b) 1050°C, 2 h, (¢) 1250°C, 2 h and (d) 1450°C, 2 h.
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lustrated in Fig. 8 as a function of stylus. In
order to determine the critical load of the
metal films on SIC, an acoustic signal was
emitted in the range 0-200 mV. At low
loads the curves are smooth. When coating
loss occures, the signal increases suddenly.
In temperature ranges between 850 and
1450°C, the critical loads could be deter-
mined to be 6 N in Fig. 8 (a), 19 N in Fig. 8
(b), 6.5 N in Fig. 8 (c) and 8 N in Fig. 8
(d) respectively.

The determined critical loads have been
compared with microscopy observations. The
critical load increased with increasing coat-
ing thickness [14]. In this study the coating
thickness was fixed at 2 ym. Fig. 9 shows
an optical micrograph of scratch channels
on the nickel films on SiC after various an-
nealing conditions under various stylus
loads. The load was increased with each tra-
verse until the coating was strir;ped cleanly
from the substrate. The load at which the
coating was stripped from the substrate was
termed the critical load. From this measure-
ments, the critical load of the nickel films on
SiC could be determined to be 33 N in Fig. 9
(a), 21 Nin Fig. 9 (b) and 17 N in Fig. 9
(c) respectively.

Figure 10 shows the average critical loads
of the metal films on SiC for various anneal-
ing temperatures. According to the measure-
ments, the average critical loads varied be-
tween 6-19 N for the cobalt films on SiC
and between 8-33 N for the nickel films.
The average critical loads of the nickel films
on SiC was relatively higher than that of the
cobalt films. Relatively higher values of 20-

17 18 19 20N

Fig. 9. Optical micrographs of scratch chan-

nels for the reaction surface of the nickel

films on SiC under various stylus loads after

annealing at : (a) 950°C, 2 h, (b) 1050C, 2
h and (¢) 1250, 2 h.



Surface structure and critical load of thin metal films on SiC substrate 368

© B sic/ni
B sic/co

Critical Load, N

750 850 950 1050 1250 1450
Annealing temperature, C

Fig. 10. Average critical loads of the metal
films on SiC for various annealing tempera-

tures.

30 N of the nickel films on SiC were ob-
served for couples reacted between 850 and
1050°C.

4. Conclusions

The reaction with the formation of vari-
ous silicides was initially observed above 850
C for SiC/Co system and 650°C for SiC/Ni
system. The cobalt reacted with SiC and
consumed completely at 1050°C for 0.5 h
and the nickel at 950°C for 2 h. The ob-
served CoSi phase in SiC/Co and Ni,Si phase
in SiC/Ni are thermodynamically stable in
the reaction zone up to 1250°C and 1050°C
respectively. Carbon was crystallized as
graphite above 1450°C for SiC/Co reaction
surface and 1250°C for SiC/Ni.

The average critical loads varied between
6-19 N for the cobalt films on SiC and be-
tween 8-33 N for the nicke! films. The

average critical loads of the nickel films on
SiC was relatively higher than that of the
cobalt films. Relatively higher values of 20-
33 N of the nickel films on SiC were ob-
served for couples reacted between 850 and
1050°C.
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