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Preparation and properties of nickel silicide 
layers by the diffusion and CVD processes using 
SizCle as a source of silicon 
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Nickel plate was siliconized with a gas mixture of Si2Cle, H2 and argon in the temperature 
range 400 to 900* C, and the siliconizing conditions and some of its properties were examined. 
Appreciable weight increase of the nickel plate was observed above 450* C, which is 200 to 
300* C lower than that obtained using SiCI4 as a source of silicon. Siliconizing of the surface 
and the resistance to high-temperature oxidation and hot corrosion were improved. Nickel sili- 
cide layers were also obtained by the CVD process using a gas mixture of Si2CI6, NiCI2, H2 
and argon. 

1. In t r od u c t i on  
Nickel silicides have attracted considerable attention 
in recent years because of their potential applications 
in VLSI MOS devices [1], in photovoltaic solar cells 
[2], in catalysts for metfianation [3, 4], gasification of 
coal [5] and smoke retardants [6], and in oxidation- 
and corrosion-resistant coatings for nickel- and iron- 
base superalloys, and for copper alloys [7, 8]. 

Ni-Si system alloys have been prepared by the 
direct synthesis process, melting the component metals 
in an induction furnace [1], and by the reaction of 
nickel with sodium silicate [9]. The nickel silicide 
layer has been most frequently formed on a silicon 
wafer by the deposition of nickel thin films on silicon, 
followed by the thermal or ion-beam annealing and 
interdiffusion of nickel with silicon (two-step pro- 
cesses) [I0-16]. This process has been widely applied 
to prepare highly conductive composite gate struc- 
tures for VLSI MOS devices [1]. Nickel silicide over- 

lay  coatings have also been prepared by electroless 
siliconizing [17], by ion implantation [18, 19], by the 
reaction sintering process with unalloyed powders 
[20], by a glow discharge process [21], and by the 
chemical vapour deposition (CDV) process [22, 23]. 

Diffusion coatings of metals with silicon have come 
to be used fairly widely in recent years to improve their 
physical and chemical properties, or to protect them 
against high-temperature oxidation and hot corro- 
sion. 

We have developed in recent years the commercial 
production process of hexachlorodisilane (Si2C16, b.p. 
144 ° C). This new reagent has many advantages as a 
silicon source in the CVD or diffusion processes. 

In this work, nickel plate, which is an important, 
and often the main, component of many superalloys, 

was siliconized using Si2C16 as a silicon source over a 
temperature range of 400 to 900 ° C, and some of its 
properties were examined. Silicon tetrachloride (SiCI4, 
b.p. 57.6°(2) was also used as a reference reagent. 
Furthermore, nickel silicide layers were also obtained 
by the CVD process using a gas mixture of Si2CI~, 
NiC12, H2 and argon. 

2. Experimental procedure 
2.1. Diffusion process 
The nickel plate (8ram x 8ram x 0.5mm) was set 
horizontally on a quartz boat which was located in the 
central part of the diffusion reaction tube (quartz, 
22mm i.d. x 150ram long). The hexachlorodisilane 
was saturated into hydrogen gas using a bubble-type 
saturator, and was carried into the reaction tube. 

2.2. CVD process  
The CVD apparatus used for the deposition of nickel 
silicide layers from a gas mixture of Si2C16, NiCI2, H2 
and argon is shown in Fig. 1. Nickel chloride was 
prepared in situ by the chlorination of nickel wire 
(0.6 mm diameter) at 800 ° C, and was introduced into 
the reaction tube. The graphite substrate (10mm x 
10ram x 2ram) was set slantingly on the susceptor. 

2.3. Examination 
The nickel silicide layer obtained was analysed by an 
X-ray diffractometer and energy-dispersive X-ray micro- 
analyser (Akashi, EMAX-8000S). The Vickers micro- 
hardness of the siliconized layer was measured on the 
polished cross-section. The oxidation resistance of the 
siliconized nickel plate was characterized by the weight 
increase in an air atmosphere at a temperature of 700 
to 1100 ° C for 2 h exposure time. The siliconized nickel 
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Figure 1 Apparatus used for the CVD process: (A) 
reaction tube (quartz, 22 mm i.d. x 200 long), (]3) 
substrate (graphite, 10him x 10ram x 2ram), 
((2) Hz inlet, (D) nickel wire (0.5 mm diameter), (E) 
chromel-alumel thermocouple, (F) C12 + argon 
inlet, (G) argon inlet, (H) Si2C16 + H2 inlet, (I) 
niehrome element, (J) gas outlet. 

plate was immersed for 30 min into 1N sulphuric acid 
and IN nitric acid solutions of 20ml maintained at 
100 ° C, and the weight decrease was examined. 

3. Results and discussion 
3.1. Preparation and properties of nickel 

silicide layers by the diffusion process 
3.1.1. Deposition parameters 
The effect of the silicon-source gas flow rate on the 
weight gain of the nickel plate is shown in Fig. 2, in 
which the reaction temperature and reaction time 
were fixed at 900°C and 60 min, respectively. With 
both silicon sources, the weight gains of the nickel 
plate increased with the same pattern with increasing 
flow rate of silicon source (Si2C16, SiCl+), and attained 
a constant value at a rate above 0.015mlsec -t of 
Si2C16 or 0.03 ml sec -! of SiCk. It can be seen that 
different effects of the sort of silicon-source gas, Si2C16 
and SiCk, on the weight gain of the nickel plate are 
not observed at a reaction temperature of 900 ° C. In 
Region-A in Fig. 2, the rate-determining step for the 
siliconizing of the nickel plate was considered to be the 
gas-phase transport of reactant gas species and/or 
reaction of the species in the gas phase or on the 
surface of the nickel plate. On the other hand, that of 
Region-B was considered to be the diffusion of  silicon 
or nickel atoms in the siliconized layers. 

A distinct difference between Si2C16 and SiCk on the 
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Figure 2 Effect of Si2C16 and SiCk flow rates on the weight gain. 
Reaction temperature 900 ° C, reaction time 60 rain, total gas flow 
rate 2.6mlsec -I, H 2 flow rate 0.65mlsec -t. (0) Si2C16, (@) SiCI~. 
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siliconizing of nickel plate was observed at reaction 
temperatures above 900 ° C, as can be seen in Fig. 3. 
The effect of the reaction temperature on the weight 
gain for 60rain reaction time of nickel plate are 
shown in Fig. 3. In the case of ShC16 at a flow rate of 
0.013 ml see-', the lowest appreciable weight gain was 
observed at a temperature above 450°C, and the 
weight gain increased exponentially with increasing 
reaction temperature. On the other hand, the lowest 
weight-gain temperature for SiCk at flow rates of 
0.071 and 0.018mlsec -1 were above 650 and above 
750 ° C, respectively. It can be seen that by using Si2C] 6 
as a silicon source in place of SiCk, which has been 
commonly used as a silicon source in the diffusion 
process, the siliconizing temperature of nickel plate is 
lowered by 200 to 300 ° C. This outstanding effect of 
Si2C16 on the siliconizing temperature may probably 
be attributed to the higher reactivity of Si2C16 than 
that of SiCks, leading to the abundant formation of 
highly active species at lower temperatures. 

The weight gain was affected appreciably by the 
source-gas ratio (H/C1), and the weight gain decreased 
noticeably below and above the ratio H/C1 = 20 at 
which maximum weight gain was attained. 

3.1.2. Morphology of the siliconized layers 
The siliconized surface of the nickel plate was com- 
posed of fine-grained particles at a low reaction tem- 
perature, but was roughened by the growth of the 
silicide layers in the vertical direction with increasing 
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Figure 3 Effect of the reaction temperature on the weight gain. 
Reaction time 60 rain, total gas flow rate 2.6mlsec -t , H 2 flOW rate 
0.65 ml sec-L (O) Si2C16 flow rate: 0.013 ml sec -t,  (4) SiCl~ flow rate 
0.018mlsec -~, (e) SiCl~ flow rate 0.079 mlsec-L 



Figure 4 Surface appearances of the siliconized nickel plate. 
Reaction temperature: (a) 600 ° C, Co) 900°(3, (c) 900 ° C. Reaction 
time 60rain, total gas flow rate 2.60mlsec -~, Si2C16 flow rate 
0.026mlsec -~, H2 flow rate 0.65mlsec-L 

reaction temperature, as can be seen in Fig. 4. An 
enlarged view of the characteristic morphology of the 
surface of siliconized layers obtained at 900°C is 
shown in Fig. 4c. An influence of the sort of  silicon 
source on the surface morphology was not observed. 

A polished cross-section of the siliconized layer is 
shown in Fig. 5. It has been found that the dominant 
species during the formation of the silicide layer by the 

Figure 5 Cross-section of the siliconized nickel plate. Reaction tem- 
perature 900° C. (A) Ni3Si 2 layer, (B) Ni2Si layer, (C) NisSi2 layer, 
(D) crack, (E) nickel plate. 

interdiffusion of nickel and silicon thin layers is the 
nickel atom, and that it moves predominantly by 
grain-boundary diffusion or by interstitial diffusion 
[12]. Many of the voids or cavities found in the sili- 
conized layer would be formed by the faster diffusion 
velocity of nickel atoms from the nickel plate to the 
surface of the siliconized layer, compared with that of 
silicon atoms from the surface of the siliconized layer 
to the interface of the siliconized layer and the nickel 
plate. 
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Figure 6 X-ray diffraction patterns from the surface of the sili- 
conized nickel plate. Reaction temperature: (a) 600 ° C, (b) 700 ° C, 
(c) 800°C, (d) 900°C. (0) Ni3Si2, (O) 8-Ni3Si2, (D) NisSi2, (zQ 
cr-Ni2Si, (v) ~-NiSi 2. Total gas flow rate 2.6mlsec -l ,  Si2CI~ flow 
rate 0.026ml sec -], H 2 flow rate 0.65ml sec -]. 
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Figure 7 X-ray dLffraction patterns from the back side of the sili- 
conized nickel plate. Reaction temperature: (a) 600 ° C, (b) 700 ° C, 
(c) 800°C, (d) 900°C. (O) Ni3Si2, (0) 8-Ni3Si z, (n) NisSi2, (zx) 
o-Ni2Si , (v) C-NiSi2, ((D) 0-Ni2Si, (A) t/-NiSi. 

3.1.3. X-ray analysis of the siliconized layers 
Representative X-ray diffraction patterns of the sur- 
face of the siliconized layers using Si2C16 are shown in 
Fig. 6. Mixed peaks of Ni3Si2, 8-Ni3Si2, o-Ni2Si and 
NisSi2 can be seen irrespective of the reaction tem- 
perature. The main component of the surface of the 
siliconized layer is considered to be 8-Ni3Si2. The thick 
silieonized layer can be readily stripped from the 
nickel plate. X-ray diffraction patterns of the inner 
surface of the stripped layers are shown in Fig. 7. 
Many peaks assigned to the respective nickel silicide 
phases can be seen, and the main components cannot 
be determned at any reaction temperature. However, 
the presence of the NisSi2 phase, which is the high- 
nickel phase and is rarely observed on the outer sur- 

face, was observed at all reaction temperatures. The 
coexistence and simultaneous growth of many nickel 
silicide phases such as NiSi, Ni2Si, Ni3Si and NisSi, 
have been reported for silicide formation in bulk 
couples [24], but the presence of Ni3Si and NisSi 
phases were not observed in this experiment. 

X-ray microanalysis was carried out on a cross- 
section of siliconized layers 50 #m thick obtained at 
900 ° C. In Fig. 8, the peak area ratio (SiK~/NiK~) is 
shown as a function of the separation from the bound- 
ary with the nickel plate. It can be seen that the peak 
ratio (SiK~/NiK~) increases linearly with increas- 
ing separation. The polished cross-section shown in 
Fig. 5 reveals the existence of three appreciable layers. 
It may reasonably be considered from these results 
that the main component of the respective layers 
changes from the inner to outer layers as NisSi2, 
Ni2 Si, Ni3 Si2. 

3. 1.4. Some properties of the siliconized 
nickel plate 

3.1.4.1. Microhardness. The Vickers microhardness of 
the cross-section of the siliconized layer is shown in 
Fig. 8, in which the indentation load was 100g. The 
microhardness decreased linearly with the separation 
from the boundary with the nickel plate. This tend- 
ency is inversely proportional to that of the silicon 
ratio (SiK~/NiKa) in the layers. 

3.1.4.2. Corrosion resistance. The corrosion resistance 
of the siliconized nickel plate against 1N sulphuric 
acid and 1N nitric acid is shown in Fig. 9, in which 
the nickel plate was siliconized at 900°C using Si2C16 
as a silicon source. The weight decrease of the silicon- 
ized nickel plate caused by IN nitric acid corrosion 
decreased exponentially with increasing thickness of 
the siliconized layer, and the weight decrease was as 
low as below 1 wt % at a thickness above 50#m. 
Nickel plate is outstandingly unstable against nitric 
acid, and 50wt % loss was observed after 30rain 
immersion time in 1N nitric acid at 100°C. Thus, 
is may be concluded that the corrosion resistance of 
the nickel plate against nitric acid is outstandingly 
improved by the siliconizing of the surface. On the 
other hand, the corrosion resistance of the nickel plate 
against 1N sulphuric acid was reduced by the siliconiz- 
ing of the surface. 
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Figure 8 Vickers microhardness and peak ratio (SiK¢/ 
NiK¢) from X-ray microanalysis. Reaction tem- 
perature 900°C, thickness of the silieide layers 
50#m, total gas flow rate 2.6mlsee -t, Hx flow rate 
0.65 ml see -t, Si2C1 ~ flow rate 0.026ml see -1. Indenta- 
tion load 100 g. (O) Mierohardness, (@) SiKa/NiK~. 
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Figure 9 Corrosion stability of the siliconized nickel plate against 
IN H2SO 4 and IN HNO3. Reaction temperature 900 ° C, total gas 
flow rate 2.6mlsec-' ,  Hz flow rate 0.65mlsec-', SizC16 flow rate 
0.026mlsec -t. Immersion conditions in IN H2SO4 or 1N HNO3: 
temperature 100°C, time 30rain. (e) 1N H2SO4, (O) IN HNO3. 

3.1.4.3. Oxidation resistance. Siliconized nickel plates 
with a silicide layer 50 #m thick were exposed in an air 
atmosphere at high temperature for 2 h and the weight 
increase is shown in Fig. 10, with that of the bare 
nickel plate as a reference sample. The bare nickel 
plate begins to be oxidized at a temperature of about 
600°C, and oxidized outstandingly above 1000°C. 
Using Si2C16 as a silicon source, a weight increase of 
the siliconized nickel plate was not observed at all at 
a temperature of 700 ° C, and the weight increased 
gradually at a temperature above 700°C at a fifth of 
that of bare nickel plate and a half of the siliconized 
nickel plate using SIC14 as a silicon source. That is, the 
oxidation resistance of the nickel plate is improved 
oustandingly by the siliconizing of the surface using 
Si2C16. 

No influence of the reaction temperature on the 
oxidation resistance of the siliconized nickel plate was 
observed over a reaction temperature range of 500 to 
900 ° C, and the same weight increase was observed. 

The surface of the oxidized layer was very dense and 
era  greenish colour, and the presence of an NiO phase 
was identified by X-ray diffraction on the surface of 
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Figure IO Oxidation stability of the siliconized nickel plate. Reac- 
tion temperature 900 ° C, thickness of the silicide layers 50 #m, total 
gas flow rate 2.6mlsec -~, H 2 flow rate 0.065mlsec-', Si2CI ~ flow 
rate 0.026mlsec-', SIC14 flow rate 0.052mlsec -I. (/,) Bare nickel 
plate. Silicon source: (O) Si2C16, (e) SiC h. 

Figure I1 Cross-section of the siliconized nickel plate when exposed 
in air at 1100 ° C. Reaction temperature 800 ° C; (A) oxidized layer, 
(B) nickel silicide layers. 

the oxidized layer. A polished cross-section of oxi- 
dized siliconized nickel plate is shown in Fig. 11, in 
which a siliconized nickel plate was exposed in an air 
atmosphere for 2 h at 1100 ° C. The silicon content of 
the surface of the oxidized layer (A in Fig. 11) is much 
lower than that of the siliconized layer (B in Fig. 11), 
and is nearly zero. It can be seen that nickel silicides 
are present as islands in the oxidized inner layers. It 
has been reported that nickel silieides, such as NiSi2, 
are oxidized parabolically in time to form an outer- 
surface SiO2 layer [25]. In this experiment, how- 
ever, no obvious SiO2 single-phase surface layer was 
observed, as can be seen in Fig. 1 I. The inner oxidized 
layer (A in Fig. 11) is considered to be composed of 
mixed phases of SiO2 and NiO. 

3.2. Preparation of nickel silicides by the 
CVD process using Si2CI6 as a silicon 
source 

Various phases of the nickel silicides were deposited 
on a graphite substrate from a gas mixture of Si2C16- 
NiC12-H2-Ar over a temperature range of 800 to 
l l00°C. A CVD phase diagram in relation to the 
deposition temperature and source gas ratio (Ni/Si) 
is shown in Fig. 12. A single phase of Ni3Si2 was 
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Figure 12 Composition of the deposits obtained by the CVD 
process: (O) Ni3Siz, (e) s-Ni3Si2, (zx) o-Ni2Si , (D) NisSi z. 
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Figure 13 Morphologies of  the Ni3Si 2 deposits obtained by the CVD process. Reaction temperature: (a to c) 1000 ° C, (d) 1100 ° C. Reaction 
time 30min.  Si2C16 flow rate: (a to e) 0.063 mlsec -1, (d) 0.022ml see -1. NiC12 flow rate: (a to e) 0.026ml see -L, (d) 0.034mlsee -~. 

deposited at a relatively low deposition temperature 
and low source gas ratio (Ni/Si) (Region-A in Fig. 12). 
Mixed phases of Ni3Si2 and ~-Ni3Si 2 were  obtained 
over the temperature range 1000 to 1100 ° C and a gas 
flow ratio (Ni/Si) of 0.4 to 0.8. High nickel-content 
phases of Ni2Si or Ni~Si2 were deposited at a ratio 
(Ni/Si) above 1.0. 

Surface morphologies of the Ni3Si2 single phase 
deposited at 1000°C and a ratio (Ni/Si) of 0.2 are 
shown in Fig. 13. Ni3Si2 deposits were formed as 
islands on the graphite substrate in the initial stage of 
deposition, followed by infiltration of the open space 
to form uniform layers as can be seen in Fig. 13c. 

Well-crystallized Ni3Si2 deposits with many crys- 
tal facets on the surface were obtained at 1100°C 
(Fig. 13d). A single crystal of  hexagonally shaped 
Ni3Si2 was observed frequently on the layers (Fig. 14a). 
Coral-like deposits were sometimes observed on the 
edge of the graphite substrate (Fig. 14b). 
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