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Abstract

We reported a simple method to grow good-quality CoSi2 film by using Si cap technology and introducing moderate Ni. First, a cobalt

layer of �15 nm with a Si cap layer with a different thickness deposited onto the Si surface with a thin silicon oxide buffer is applied to

investigate the formation of CoSi2 by ex situ rapid thermal annealing. It was found that a 13 nm thick Si cap layer could significantly

improve the crystal quality of oxide-mediated CoSi2 film. Setting the Si cap thickness at 13 nm, we revealed that introduction of Ni can

further improve the crystal quality of the silicide film in comparison to the pure Co silicide, and a ratio of Ni to Co at round 1:8 causes

the lowest sheet resistance, �5O/sq.
r 2007 Elsevier B.V. All rights reserved.

PACS: 61.10.Nz; 68.35.�p; 68.37.�d
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1. Introduction

In the past 20 years, the study on the epitaxial metal
silicides has received much interest due to their applications
in very large-scale integration technology. Among the
silicide materials, the CoSi2 has been considered to be one
of the most attractive materials for contact and inter-
connect in the next generation devices because of its low
resistance, high-thermal stability and process compatibil-
ities [1]. Generally, the small lattice mismatch with Si is
expected to grow a good epitaxial CoSi2. Indeed, this has
been demonstrated by using template [2] or oxide-mediated
epitaxy technology [3] in the case of very thin CoSi2 film.
For the thicker CoSi2 film, i.e., cobalt thickness 410 nm,
one has to apply Ti buffer [4] or repeated growth
technology [3]. However, the silicides suffer from the
generation of large voids in the epitaxial CoSi2 layers near
e front matter r 2007 Elsevier B.V. All rights reserved.
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the edges of field oxide and an inability to grow uniform
epitaxial CoSi2 layers with thickness of less than 40 nm.
Alternatively, epitaxial CoSi2 can be fabricated by meso-
taxy, using high-energy, high-dose, Co implantations [5,6],
but these techniques require dedicated tools not commonly
available in modern Si processing facilities. To solve these
problems, the ternary epitaxial silicides (CoxNi1�xSi2) may
prove to be a better choice than pure CoSi2 due to the
smaller lattice mismatch of NiSi2 compared to Si substrate.
Especially, the bulk material of the ternary silicides
(CoxNi1�xSi2, 0.5oxo1) has electrical resistance nearly
identical to that of CoSi2 [7]. The smaller lattice mismatch
of CoxNi1�xSi2 to Si compared to CoSi2 has proved to
successfully grow thin single crystal CoxNi1�xSi2 layers on
Si(1 1 1) [7]. In this paper, we explored a simple method to
grow good-quality CoSi2 by using Si cap technology and
introducing moderate Ni. We first revealed that there exists
an optimal Si cap thickness to grow oxide-mediated CoSi2
on Si(0 0 1), i.e., a 13 nm thick Si cap layer can achieve the
best crystal quality of oxide-mediated CoSi2 on Si(0 0 1) by
assuming a 15 nm Co layer and by rapid thermal annealing
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Fig. 1. (a) High-angle X-ray diffraction (HAXRD) spectrum of the oxide-

mediated CoSi2 films on Si(1 0 0) with different Si cap layer thickness,

0–30nm from the up curve to the down one after annealing at 1050 1C. (b)

Variation of the perpendicular strain of CoSi2 film formed by RTA at

1050 1C with a different Si cap layer thickness.
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(RTA) in the N2 ambient. Furthermore, we showed that
the introduction of moderate Ni does not only improve the
crystal quality of CoxNi1�xSi2, but also decreases the sheet
resistance.

2. Experimental

P-type Si(1 0 0) substrates were used in this study.
Substrates were cleaned chemically and dipped in a dilute
HF solution to remove the native oxide. A thin SiOx layer
was then grown by submerging the substrates in a hot
NH4OH:H2O2:H2O ¼ 1:1:4 solution for 25min (ammonia-
cal oxide). Substrates were then loaded in an UHV
evaporation system. Co was evaporated at rate typically,
0.015 nm/s and Ni was grown at rates 0–0.015 nm/s.
Subsequently, a Si cap layer with the thickness of
0–30 nm was deposited in the same UHV system in order
to improve the quality of silicide film. Rapid thermal
annealing from 550 to 1050 1C was performed to study the
formation of CoxNi1�xSi2. Before reaching the higher
annealing temperature, each sample is first heated and kept
at 300 1C for 15 s in order to achieve a uniform mixture of
Co, Ni and Si.

The film structure was characterized by X-ray diffraction
(XRD) and Rutherford backscattering (RBS). Cu Ka
radiation is used for the XRD measurements. High-angle
diffraction was carried out from 271 to 751 with a step size
0.011. Rutherford backscattering spectroscopy (RBS)/
channeling experiment was carried out using a 1.57MeV
He+ ion beam.

3. Results and discussion

First, we investigated the effect of an amorphous Si cap
layer with a different thickness on the formation of CoSi2
by depositing a cobalt layer of �15 nm onto the Si(0 0 1)
covered with a thin silicon oxide layer and following ex situ

rapid thermal annealing. From the high-angle X-ray
diffraction (HAXRD) of the films annealed up to
1050 1C, no CoSi2 (1 1 1) or (2 2 0) diffraction peak is
observed except CoSi2 (4 0 0) diffraction peak. Fig. 1 shows
HAXRD of the Co disilicide film around (4 0 0) diffraction
peak after annealing at 1050 1C. To obtain obvious CoSi2
(4 0 0) peak, (y+d)�2y scan was applied, where d is a small
constant angle. One can see that the CoSi2 (4 0 0)
diffraction peak appears only when the thickness of Si
cap layer is not too thick, i.e., 150 Å or thinner. It should be
pointed out that, for the sample without a Si cap layer,
CoSi2 (4 0 0) diffraction peak disappears as the temperature
is increased up to 1050 1C and in the sample with a Si cap
layer up to 30 nm, no CoSi2 (4 0 0) diffraction peak is
observed after annealing from 550 to 1050 1C. Moreover,
seen from Fig. 1, the CoSi2 (4 0 0) peak position shifts from
70.51 to 70.851 when the cap layer thickness increases from
0 to 13 nm; as the cap layer is 15 nm, the CoSi2 (4 0 0) peak
slightly shifts back to the lower angle. The diffraction
peaks correspond to a perpendicular strain from
e? ¼ �1.60% to �2.19%, indicating that the CoSi2
becomes more coherent as the Si cap layer is increased
up to 13 nm. When the anneal temperature was reduced to
700 1C, the CoSi2 (4 0 0) diffraction peak was observed only
for capping layers of 10 and 13 nm. This further evidences
that too thin or thick Si cap impedes the formation of Co
disilicide.
The crystalline quality of the silicide film has been

checked by measuring the RBS/channeling spectra. The
polycrystalline Co silicide is determined for all the samples,
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but a minimum value of wmin occurs in the case with 13 nm
cap layer when the anneal temperature is up to 1050 1C.
The minimum value of wmin�29% is obtained, which is a
bit higher than that of Co disilicide formed by reaction
deposition epitaxy (RDE) [8,9] or with Ti interlayer [4].

Fig. 2 displays the random RBS spectrum of Co silicide
with a different Si cap thickness. It is interesting to note
that, without cap layer, the silicidation of Co atoms is
obviously companied by a tail on the low-energy side. As
the Si cap layer thickness increases, the Co peak narrows,
indicating that silicidation becomes more difficult. When
the thickness of Si cap layer is above 13 nm, the Co peak is
almost the same. As is known, the Ti interlayer acts as a
diffusive barrier, which retards the formation of CoSi2 up
to a higher temperature. In our experiment, Si cap layer
acts similarly to the Ti interlayer, the existence of which
slows the silicidation process or raises the formation
temperature of CoSi2. It was found that the Si cap layer
of a certain thickness not only improved the quality of the
CoSi2 but also decreased the formation temperature of
CoSi2. Since Si is one of the reactive elements for CoSi2, the
existence of amorphous Si cap layer should be able to
further induce the silcidation. The opposite is true as the
amorphous Si cap layer slows the diffusion. This is
because, as a new Si source, the amorphous Si cap layer
slows the diffusion rate of Co atoms into the Si substrate
by first forming Co2Si or CoSi due to the lower heat of
formation between Co atoms and amorphous Si.

In order to check the detailed formation of oxide-mediated
CoSi2 with a Si cap layer, we performed the measurement and
simulation of X-ray reflectivity. As is well known, X-ray
specular reflection is very sensitive to the distribution of
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Fig. 2. 1.57MeV 4He backscattering spectra of the oxide-mediated CoSi2
films on Si(1 0 0) with a different Si cap layer thickness after annealing at

1050 1C. The scattering angle is 1701.
electrons at the heterointerface. By theoretically fitting the
measured specular reflectivity curve at grazing angle condi-
tion, we are able to extract the electron density profile across
the heterointerface. In other words, the information on the
atomic density and thickness of each layer, surface and
interfacial roughness, etc., can be obtained. In Fig. 3, we
displayed the X-ray grazing angle specular reflectivity curves
of the samples (open circles). Based on the formalism given
by Parrot [10], we simulated the measured specular reflectiv-
ity, shown by solid curves in Fig. 3.
It was found, with the increase of the cap thickness, the

surface and interfacial roughness decreases, also evidenced
by the variation of bumps in the reflectivity curves. From
our simulated results, the shift of the CoSi2 (4 0 0) peak
position and variation of crystalline quality of the silicide
films can be understood as follows: without a Si cap, a Si
rich Co silicide layer formed on the Si substrate, indicating
that there exists a significant atomic interdiffusion between
Co layer and Si substrate, which reasonably results in a
rough interface between the silicide layer and substrate.
When a 13 nm Si cap layer is applied, the composition of Si
rich silicide layer becomes closer to the atomic ratio of
CoSi2. As such, the silicide layer becomes more coherent in
comparison to the bulk CoSi2 and hence has higher
crystalline quality. When the cap layer is thickened up to
300 Å, the Si content in the silicide layer is found to further
decrease. This indicates a decrease in the atomic inter-
diffusion between Co layer and Si substrate, in accordance
with the decrease of the interface roughness. In this case,
the silicide is formed mainly by consuming the amorphous
Si cap layer, and so the crystalline quality of the silicide
degrades.
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Fig. 3. Specular X-ray reflectivity curves (open circle) and simulated

results (solid line) of the CoSi2 films on Si(1 0 0) formed by RTA at

1050 1C with different Si cap layer thickness: curve a—0nm; curve b—

13nm; curve c—30nm.
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Fig. 5. Variation of wmin with Ni concentration. The inset shows the

random/channeling RBS spectra of Co1�xNixSi2 formed by RTA at

1050 1C with x ¼ 0.24 in Co1�xNix.

Table 1

Formation temperature and annealing time of CoxNi1�xSi2 with the best

crystallinity

Ni concentration (%) 0 11.5 24.0 38.5 100

Temperature (1C) 1050 1050 1050 1050 800

Annealing time (s) 60 60 30 30 60
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After knowing the optimal Si cap thickness for the
growth of oxide-mediated CoSi2 from this particular
thickness of Co, we turn to the further improvement in
the crystalline quality of CoSi2 film by introducing
moderate Ni content during the deposition of Co layer.

Due to the miscibility of NiSi2 and CoSi2, it has been
shown that the formation temperature of CoSi2 can be
decreased by introducing Ni content. On the other hand,
since both NiSi2 and CoSi2 have a CaF2-type structure and
very close lattice constant (0.5406 and 0.5364 nm, respec-
tively), the introduction of Ni is expected to reduce the
stress between CoSi2 and Si substrate, and hence to
improve the crystal quality of CoSi2.

In Fig. 4, we displayed the XRD spectra of MSi2 (M is
Co1�xNix, x ¼ 0–0.385) after annealing at 1050 1C. To
obtain obvious MSi2 (4 0 0) peak, (y+d)�2y scan was still
applied. Except for the CoSi2 (4 0 0) diffraction peak
appearing at 70.731, we do not observe any other peaks
relevant with CoSi2 or NiSi2. It is noted that, the position
of MSi2 (4 0 0) diffraction peak is almost independent of
the Ni content, indicating that the lattice constant of MSi2
is not affected by the Ni introduction. This is a bit different
from the results reported by Mo et al. [11]. In their work, a
ternary silicide Co1�xNixSi2 formed by Ni and Co thin
films or Ni, Co and Ti thin films deposited on a Si(1 0 0)
substrate was found to have a lattice constant between that
of CoSi2 and NiSi2. One possible reason is that, when the
Ni concentration is much lower than that of Co, the lattice
of Co1�xNixSi2 keeps the same as that of CoSi2. The on-
going work on the compositional analysis along the growth
direction will possibly give a further interpretation.

The RBS/channeling measurements were performed to
check the crystal alignment of CoSi2. The variation of wmin

with the Ni concentration in displayed in Fig. 5. Shown in
the inset in Fig. 5 is the random/channeling RBS spectra of
Co1�xNixSi2 with x ¼ 0.24 in Co1�xNix. As can be seen
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Fig. 4. High-angle X-ray diffraction (HAXRD) spectrum of the oxide-

mediated Co1�xNixSi2 films on Si(1 0 0) with different Ni concentration

after annealing at 1050 1C.
from Fig. 5, the introduction of Ni improves the crystal
quality, wmin decreases with increasing Ni concentration.
It was also noted that the temperature and time required
for silicide formation was also influenced by the Ni
concentration and is summarized in Table 1. The latter in
good agreement with that reported by Park et al. [12]
and Detavernier et al. [13]. The decrease of formation
temperature or time with increasing Ni concentration can
be attributed to the influence of mixing entropy on the
nucleation of CoSi2. The improvement of crystal structure
obtained by introducing Ni is attributed to the reduced
diffusion rate of Co into Si substrate. Vantomme et al. [14]
explained the growth mechanism of CoSi2 by considering
concentration controlled phase selection. It was thought
that, in the case of low deposition rate of Co on Si, the
slow supply of Co reduces the effective concentration of Co
at the growth interface to a value lower than about 33 at%
Co, so CoSi2 forms directly as the first phase due to the
most negative heat of reaction. In our case, the diffusion
rate of Co into Si substrate is lowered due to the dilution
of Co by Ni so that the formation of CoSi2 phase is
easy. On the other hand, the first formed Co1�xNixSi2
phase will act as a better template than CoSi2 phase for the
following growth of Co1�xNixSi2 phase. As such, the wmin
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Fig. 6. Variation of sheet resistance of Co1�xNixSi2 film formed by RTA
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characterizing the crystalline quality of silicide decreases
with increasing Ni concentration.

For the possible application of the Co1�xNixSi2 films, we
measured the sheet resistance of the samples. It was found
that, as the Ni concentration increases, the sheet resistance
of Co1�xNixSi2 film first decreased, followed by an increase
(Fig. 6). This is possibly due to the formation of a little
high-resistance NiSi2 phase (undetectable by XRD) at the
surface of Si substrate as more Ni is added, since Ni is
easier to diffuse into the Si substrate in comparison to Co.
The sheet resistance reaches a minimum (�5.0O/sq.) as
x ¼ 0.115. In this case, the Co1�xNixSi2 film thickness is
estimated to be round 55 nm. As such, the resistance of the
sample with the Ni concentration x ¼ 0.115 is rather close
to the normal value of CoSi2 [15], demonstrating the
feasibility of fabricating the applicable Co1�xNixSi2 film by
the simple method mentioned above.

4. Conclusion

In a summary, we explored a simple method to grow
good-quality CoSi2 by using Si cap technology and
introducing moderate Ni. First, it is revealed that a
13 nm thick Si cap layer can significantly improve the
crystalline quality of oxide-mediated CoSi2 film formed
from a cobalt layer of �15 nm. Keeping the Si cap
thickness at 13 nm, we showed that the introduction of
Ni can further improve the crystal quality of the silicide
film in comparison to the pure Co silicide, and a ratio of Ni
to Co at round 1:8 results in the lowest sheet resistance,
�5O/sq.
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