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Time and temperature dependencies of nickel silicide axial growth in Si nanowires (SiNWs) were studied
for a temperature range of 300–440 �C and nanowire diameters of 30–60 nm. A square root time depen-
dence of the total silicide intrusion length was found. It was concluded that formation of nickel silicides
was controlled by diffusion of Ni along the nickel silicide surface or the nickel silicide/SiO2 interface to the
Si/silicide interface. Subsequent annealing cycles at different temperatures revealed Arrhenius-type
behavior for the increase of the intrusion length square ðDL2

nÞ with an activation energy of
1.45 ± 0.11 eV. Additional and significant silicide growth during heating and cooling of the wire was
taken into account by using self consistent iteration procedure for DL2

n calculations. The resulted activa-
tion energy agrees well with previous results.

Published by Elsevier Ltd.
1. Introduction

Quasi-one-dimensional semiconducting structures have been
recently studied as potential candidates for electronic applications.
Semiconducting nanowires (NWs) have been implemented as the
active channel of field effect transistor (FET) with linear and
Schottky barrier source and drain contacts [1,2]. SiNW FETs are
of particular interest because they could allow the combination
of one-dimensional transport and self-assembly techniques with
the well-established Si technology. Of fundamental importance is
the method in which contacts to the nanowire channel are being
formed. Nickel silicide/silicon contacts used in FET can be formed
by thermally activated axial intrusion of nickel silicides into the
silicon NW (SiNW) from e-beam lithography pre-patterned Ni res-
ervoirs located at both ends of the NWs. Such intrusion involves
different thermally activated processes such as transfer of nickel
atoms from the reservoir to the SiNW surface, diffusion transport
of Ni (volume, surface and interface diffusion) to silicon/silicide
interface, and reactive Ni diffusion along Si/silicide interface re-
sulted in formation of new nickel silicide, each being characterized
by a certain time, temperature and SiNW diameter dependencies.

Formation of Ni silicides in SiNWs was reported in a number of
studies [3–14]. Kinetic analysis of nickel silicide formation through
point contact reaction between Si and Ni nanowires in the
Ltd.

an).
temperature range 500–650 �C was performed by Kuo-Chang Lu
et al. [5]. A linear time dependence of the silicide length was found
for all temperatures investigated, with growth rates of 0.01–
0.1 nm/s [5]. Activation energies were obtained for the case of dif-
fusion of nickel atoms through the silicon part of the NW (1.25 eV)
and for diffusion through the nickel silicide phase (1.7 eV) [5]. The
authors [5] proposed that the observed epitaxial growth of NiSi
may be an interface reaction controlled process limited by the rate
of dissolution of Ni into Si at the point contact interface and accom-
panied by very fast volume diffusion of interstitial nickel atoms.
The kinetics of Ni silicide phase formation was studied by Dellas
et al. [9] in the temperature range 400–550 �C for 50–75 nm-thick
SiNWs grown in h112i and h111i directions. For h112i oriented
SiNWs, the growth of the h-Ni2Si phase exhibited parabolic kinetics
with activation energy of 1.45 ± 0.07 eV/atom. In the case of h111i
oriented SiNW, the NiSi2 was the only formed phase and the NiSi2

growth demonstrated linear kinetics with activation energy of
0.76 ± 0.10 eV/atom [9]. Analysis of published experimental results
[15] revealed that in many cases formation of nickel silicides in
SiNWs can be controlled by diffusion of nickel along the silicide
surface or silicide/SiO2 interface. Square root time dependence of
the total silicide intrusion length was confirmed recently by Ogata
et al. [11] for different crystallographic orientations of SiNWs and
core diameters ranging from �10 to 100 nm. They found that the
NiSi2 was the first forming phase whereby Ni-rich silicide phases
subsequently nucleate close to the Ni reservoir. Ogata et al. [11]
also observed the retardation of silicide growth in oxidized SiNWs.
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Transition from linear to parabolic growth of nickel silicides in
SiNWs was analyzed by Yaish et al. [10]. The linear regime can
be realized when transition of Ni atoms from the Ni reservoir to-
wards the wire is hindered and limits the silicide growth, while
the parabolic regime corresponds to fast transition of Ni atoms
from the reservoir and the silicide growth is controlled by diffusion
of Ni atoms along the silicide surface toward the silicon part. Inter-
mediate regimes are realized in many cases [10].

In order to understand what processes actually control the nick-
el silicide formation, corresponding activation energies should be
found. For this purpose, time and temperature dependences of
the silicide intrusion length should be properly measured. In the
present work kinetics of nickel silicide axial growth in h110i and
h112i oriented SiNWs was investigated for a temperature range
of 300–440 �C and nanowire diameters of 30–60 nm.
2. Experimental details

The SiNWs were synthesized by the vapor–liquid–solid growth
technique in an ultrahigh vacuum chemical vapor deposition
chamber, with silane as the silicon precursor and gold as the cata-
lyst [16–18]. The nanowires grown at 420 �C or 450 �C consisted of
3 populations. The thick (more than 60 nm in diameter) nanowires
were grown in h111i direction, the thinner ones – in h112i and the
thinnest – in h110i direction. Typical diameters of NWs grown in
the h112i and h110i directions were 35–60 nm and 25–40 nm,
respectively. Some of the SiNWs were oxidized at 700 �C by CVD
reactor in oxygen flow with rate of 200 sccm and pressure of
1 atm. SiNWs were randomly dispensed from an ethanol suspen-
sion onto a Si3N4/Si substrate. In some cases, the Si3N4/Si substrate
was preliminary covered by 150 nm-thick e-beam resist (PMMA)
in order to suspend the central part of the SiNWs. An e-beam
lithography and e-beam evaporation were performed in order to
fabricate metallic Ni/Au electrodes for the source and drain con-
tacts. During the Ni/Au layer deposition, the sample was rotated
about its own perpendicular axis with a tilted angle of 20� with
respect to the planar surface of the evaporator chuck. Before metal
deposition, a 10 s etch in 6:1 (NH4F:HF) buffered oxide etch (BOE)
was used to remove the thermal or native oxide on the SiNWs sur-
face in the contact area region. Careful but gentle drying of the
sample was performed by nitrogen flow. It should be noted that
the sample was loaded into the e-beam evaporation system within
5 min from the BOE step. Metallic electrodes were deposited by
evaporation with base pressure of 2 � 10�7 Torr. Excess metal
was removed by a standard lift-off technique immediately after
the wafer was removed from the vacuum chamber. The prepared
SiNW/Ni/Au specimen had 140 nm-thick Ni layer capped with
20 nm Au. It was verified with control samples that the thin gold
film on top of thick nickel layer does not affect the nickel silicide
growth process.

In order to form the nickel silicide/silicon contacts, the samples
were inserted into a rapid thermal annealing (RTA) machine in a
nitrogen atmosphere for different temperatures and for different
times up to 120 s. Two series of anneals were performed: (1) sub-
sequent annealing steps of the sample for different times, from 15 s
up to 120 s (usually up to full silicidation) at a certain temperature
(420 and 440 �C); (2) subsequent annealing steps of the sample,
each for 30 s, at different temperatures (300, 350, 400, 420 and
440 �C). Each sample for the first series was preliminary annealed
at 400 �C for 30 s; the samples that were annealed at 440 �C were
additionally pre-annealed at 420 �C for 30 s. The heating rate until
the annealing temperature obtained was 2 �C/s for all samples
studied. The cooling rate was about 4 �C/s.

After every annealing process, the silicide intrusions were
investigated by high resolution scanning electron microscopy
(HRSEM) and atomic force microscopy (AFM). In order to remove
a possible organic/carbon contamination resulted from capturing
of the SEM images, after every SEM session the samples were trea-
ted at 110 �C for 20 min in ozone cleaner with oxygen flow of 0.5 li-
ter/min at 1 atm. The error of the intrusion length measured by
HRSEM was ±5 nm. The electrical resistance of the SiNWs after full
silicidation was measured using two-terminal method.
3. Experimental results

Transmission electron microscopy (TEM) images of SiNWs with
diameters of 30–45 nm, typical to the NWs used in this study, are
presented in Fig. 1. The TEM images demonstrate SiNWs grown in
h112i (Fig. 1a) and h110i directions (Fig. 1b and c) with �3 nm-
thick native (a) and �7 nm-thick thermal oxide (b and c) layers.
The SiNW grown in h112i direction reveals twinning structure
which is typical for substantial part of the h112i SiNWs.

The time evolution of the intrusion lengths for different SiNWs
covered by native oxide or by thermal oxide layer with Ni layers at
the ends was investigated at 420 �C and 440 �C.

Typical Ni-silicide intrusions formed during subsequent RTAs
for different times at 420 �C and 440 �C of the SiNW samples with
native and thermal oxide shells are shown in Figs. 2 and 3.

One can clearly see at least 2 silicide phases formed along the
SiNW: a thick and thin intrusion parts close to and far from the
Ni reservoirs, respectively (Figs. 2 and 3). In some cases the intru-
sion seems as the only silicide phase (Fig. 4a). (In the latter case,
the thinner part of the intrusion adjacent to the Ni reservoir is re-
lated to the preliminary etched SiNW segment without a silicon
oxide shell. The thicker part corresponds to that coated by a ther-
mal oxide layer). In order to identify the nickel silicide phase of the
intrusion adjacent to the silicon part of the wire, a thin (70 nm)
disk was cut from the silicide segment using a focused ion beam
(FIB) in a direction perpendicular to the wire longitudinal axis
(see Fig. 4a). The adjacent to Si part of the intrusion formed at
420 �C was the nickel monosilicide (NiSi) as was revealed by
energy dispersive spectroscopy in scanning mode of TEM
(EDS–STEM) and diffraction pattern analyses (Fig. 4).

The thicker part of the silicide intrusion close to the Ni reservoir
(Fig. 2) is presumably a nickel rich silicide Ni1+xSi(x > 0) It was also
confirmed by measuring the electrical resistance of the SiNW after
full silicidation by two-terminal method. According to our mea-
surements, the electrical resistivity is less than 20 lX cm and
rather related to that of NiSi than to Ni2Si phase [19]. In the case
of 440 �C, the intrusion was also composed of at least two series
parts, presumably a nickel rich silicide Ni1+xSi(x > 0) and nickel
monosilicide (NiSi) adjacent to the Si region (Fig. 3) But in this case,
the Nirich part of the intrusion was longer than the NiSi part.

Typical time dependencies of the total intrusion lengths at
420 �C and 440 �C are presented in Figs. 5 and 6. The preliminary
thermal treatment resulted in the initial growth of silicide intru-
sion with the length L0, corresponding to zero annealing time. Evo-
lution of nickel silicide intrusion with time is well described by
square root time dependence of the total silicide length, as can
be seen from the insets of Figs. 5 and 6. The initial growth rates
were about 3–8 nm/s at 420 �C and �14–22 nm/s at 440 �C.

When the NW was thermally oxidized (the oxide layer was
about 7 nm thick), the growth rate was slower (Fig. 5); in this case
the initial growth rates at 420 �C were about 3–8 nm/s.

In order to estimate effective activation energy of the process, a
number of samples were annealed for 30 s subsequently at 300,
350, 400, 420 and 440 �C. One of such samples is shown in Fig. 7.

The experimental values of the silicide intrusion lengths are
presented in Table 1. The total intrusion length at a given temper-
ature, Tplateau, is a result of all subsequent RTA cycles including



Fig. 1. TEM images of SiNWs grown in h112i direction with �3 nm-thick native oxide (a), and – grown in h110i direction with �7 nm-thick thermal oxide (b and c). The
inserts in (b and c) are diffraction patterns.

Fig. 2. HRSEM micrographs of SiNWs (with native oxide shell) with Ni-silicide intrusions formed during RTA for different times at 420 �C. The SiNW was suspended to
150 nm above the substrate. The boundaries 1 and 2 are the edges of the Ni/Au layer deposited onto the Si3N4/Si substrate and the SiNW, respectively. The bright middle
boundary (3) is related to an additional Au layer deposited perpendicular to the substrate surface.
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heating to (cooling from) the temperature Tplateau. RTA at 300 �C for
30 s did not result in a visible Ni-silicide formation. The intrusion
length presented in Table 1 is the average of Ni silicide intrusion
segments which were grown from both ends of the wire.

No significant difference was observed between kinetics of the
silicidation process related to the SiNWs grown in h112i and
h110i directions.
4. Discussion

For the case of a single silicide phase, square root-like time
dependence of a silicide intrusion length can be described by the
following relationship [10]:

L ¼ A
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Dt þ ð

ffiffiffi
s
p
þ L0=AÞ2

q
�

ffiffiffi
s
p� �

; ð1Þ

where A ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8DsðCres � Cf Þðd=RÞ

p
, Ds is the diffusion coefficient of Ni

along the nickel silicide surface, Dt is the annealing time, L, and L0

are the final and initial silicide intrusion lengths, R is the SiNW ra-
dius, d is the near-surface diffusion layer width, Cres and Cf are the
dimensionless nickel concentrations in the reservoir and at the Si/
nickel silicide interface, respectively; is the geometry dependent ki-
netic parameter characterizing transition time from linear to square
root behavior [10]. When s� Dt, (e.g. when supply of Ni from the
reservoir is not restricted), Eq. (1) reduced to the familiar square
root low:

L2 � L2
0 ¼ 8DsDt Cres � Cf

� � d
R
� A2

0 exp � E
kBT

� �
Dt � A2ðTÞDt; ð1aÞ

where E is the activation energy of diffusion, and kB is the Boltz-
mann constant. In reality, several silicide segments form simulta-
neously, and the model should be extended to this case.
Corresponding modification of the model was made in our previous
works [10,20]. In general case, square root time dependence can be
realized for the total silicide length (in the diffusion controlled re-
gime), while particular silicides may have different kinetics (square
root, linear or intermediate) depending on the reaction rate of the
silicide transformations [20]. The present results on the total sili-
cide length growth (Figs. 5 and 6) can be well described by the sim-



Fig. 3. HRSEM micrographs of SiNWs (with 5 nm-thick thermal oxide shell) with Ni-silicide intrusions formed during RTA for different times at 440 �C.

Fig. 4. (a) HRSEM image of SiNW with NiSi intrusion formed at 420 �C for 120 s. (b) Diffraction pattern from cross-sectional specimen revealed the tetragonal NiSi phase
(a = 0.7654, c = 0.8451 nm) with [1 0–3] zone axis. (c) EDS–STEM from the cross-sectional specimen.
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plified dependence (1a). In the following discussion we will use this
expression assuming close values of diffusion coefficients of Ni
along different silicide/SiO2 interfaces, or, at least, their close activa-
tion energies. It is interesting to note that the obtained values of A2

are close (slightly higher) to those obtained by Ogata et al. [11] (e.g.,
for 440 �C, the values A2 = (1.4–2.0) � 10�10 cm2/s (Fig. 6) corre-
spond well to the values of k = (0.2–0.9) � 10�10 cm2/s of Ogata
et al. [11]) despite of the fact that they reported on first formation
of the NiSi2 phase [11] while we found substantial formation of NiSi
segments in the silicide intrusions as well. Ogata et al. [11] have
found clear evidence that the surface diffusion of Ni through the
growing silicide phase(s) was the limiting step of silicides growth
and confirmed inverse square root dependence of the silicide length
on the NW diameter. Unfortunately, they did not analyze tempera-
ture dependences of the silicides growth.

The slope of L2 versus time is proportional to the diffusion coef-
ficient, i.e. it is temperature dependent, and can be used to deter-
mine the diffusion activation energy. However, the slope may



Fig. 5. The nickel silicide intrusion length time dependence during RTA at 420 �C, including preliminary thermal treatment resulted in the initial intrusion length L0, for
different SiNWs; N1 is SiNW with 3 nm-thick native SiO2; T1 and T2 are SiNWs with �7 nm-thick thermal oxide.

Fig. 6. The nickel silicide intrusion length time dependence during RTA at 440 �C, including preliminary thermal treatment resulted in the initial intrusion length L0, for
different SiNWs; T11–T14 are SiNWs with 5–7 nm-thick thermal oxide.
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markedly change from sample to sample (see Figs. 5 and 6), appar-
ently due to different geometry factors, oxide shell thickness and
conditions at the nickel pad/silicide contact. In such circumstances,
accurate value of the diffusion activation energy could be extracted
from silicide intrusion data of the same sample annealed at differ-
ent temperatures.

Analysis of temperature dependence of the square length in-
crease, DL2

n; after RTAs at subsequent temperatures, Tn and Tn+1,
each for 30 s, allows evaluating the activation energy of the process
by using LTn as the initial length, L0;Tnþ1 , for the subsequent anneal
at temperature Tn+1:

DL2
n � L2

Tnþ1
� L2

0;Tnþ1
� L2

Tnþ1
� L2

Tn
¼ A2ðTnþ1Þ � Dt ð2Þ

The first approximation of the activation energy, E = 1.65 ± 0.11 eV,
was derived from the temperature dependence of the square length
increase using Eq. (2), and the experimental data of the total intru-
sion lengths, LT (Table 1).

More accurate analysis should take into account the silicide
growth during heating to and cooling from the annealing temper-
ature. In particular, additional heating to the subsequent tempera-
ture Tn+1 changes the initial silicide length for this annealing from
LTn to L0;Tnþ1. The increase of the silicide intrusion length during
heating with the rate a from T0 to Tn+1, can be evaluated with the
following expression:

L2
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� L2
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0
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0
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�
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E
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;
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where Dt ¼ ðTnþ1 � T0Þ=a is the heating time. The activation energy
of the diffusion process, E, can be found by the following iteration
procedure: first we used the approximate E found from Eq. (2)
and obtained the corrected L2

0;Tnþ1
for each temperature using Eq.

(3). Additional intrusion growth during cooling was calculated
using Eq. (3) by replacing T0 to Tn+1 and a to (�acool). A more accu-
rate value of LTnþ1 is then calculated by extraction of this addition.
After that we compute new DL2

n � L2
Tnþ1
� L2

0;Tnþ1
and extract new va-

lue for the activation energy from an Arrhenius plot of the new data.
After a few iterations, this procedure converges and the activation



Fig. 7. HRSEM images of SiNW covered by 140 nm Ni/20 nm Au after subsequent RT anneals at 350, 400, 420, and 440 �C for 30 s each; the SiNW has the core diameter of
30 nm and native oxide shell of 3 nm.

Table 1
Initial and total silicide intrusion lengths after subsequent RTAs for 30 s each at
different temperatures.

Tplateau (�C) Total intrusion length (nm)

N2 N3 N4 N5

LT L0,T LT L0,T LT L0,T LT L0,T

300 0 0 0 0 0 0 0 0
350 75 0 67 0 58 0 50 0
400 205 134 213 120 226 116 150 89
420 380 281 361 273 406 281 240 197
440 680 492 595 456 569 475 439 333

Fig. 8. Arrhenius plots of the Ni-silicide square intrusion length increase during
30 s RTA for 4 SiNWs with 3 nm-thick native oxide.
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energy is no longer changed. Using the experimental values of
a = 2 �C/s, acool = 4 �C/s, T0 = 300 �C, the final corrected initial values
of the intrusion length for a given temperature T, L0,T, were found.
They are presented in Table 1. The resulted Arrhenius plots of the
square intrusion length for 4 NWs are presented in Fig. 8.
The activation energy averaged over the 4 examined NWs is
E = 1.45 ± 0.11 eV. The maximum possible error in determination
of the activation energy (±0.11 eV) is mainly related to the accu-
racy of HRSEM measurements of the nickel silicide intrusion
lengths (±5 nm).

The activation energy found, 1.45 ± 0.11 eV, is typical for nickel
silicide growth in thin film silicide reactions controlled by interface
and grain boundary diffusion processes [21–24].

It should be noted that the intrusion lengths increase during
heating (cooling) of the samples to (from) the annealing tempera-
ture. Using Eq. (3), one can find accurate time dependences of the
intrusion length found from the isothermal subsequent annealing
steps of each sample for different times. Corrected values of the
intrusion lengths obtained during isothermal anneals only, can
be found as follows:

LTðtiÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
L2

T;expðtiÞ � iDL2
T

q
; ð4Þ

where i is the number of heating/cooling cycles used to reach the
total annealing time, ti, and DLT is the additional increase of the
intrusion length during heating and cooling (Eq. (3)). Examples of
corrected time dependences at 440 �C calculated for experimentally
used heating/cooling regimes with the measured activation energy
are presented in Fig. 9. As can be seen from the inset of Fig. 9, the
square root time dependences still stand, but with slightly lower
values of A2 = (0.5–1.2) � 10�10 cm2/s.

It was found [21] that growth rate of Ni2Si and activation energy
of solid state reaction in thin films depend on the Si substrate crys-
tallinity (single crystal or polycrystal) and orientation (h100i or
h111i). For the growth direction normal to the substrate, the acti-
vation energies are Q = 1.6 ± 0.2 eV for films grown on h111i Si and
1.5 ± 0.2 eV for films grown on h100i Si or polycrystalline Si. This
growth is controlled by grain boundary diffusion of Ni [24]. In lat-
eral growth experiments the Ni2Si is formed at 450–630 �C with
activation energy of 1.4 ± 0.1 eV [24]. The lateral growth of silicide
is mainly controlled by surface and interface diffusion. By these
means, the epitaxial silicide growth in SiNWs seems to be similar
to lateral growth of silicides, with silicide/SiO2 interface diffusion
being a controlling factor.



Fig. 9. Calculated lengths of the silicide intrusions for T11 and T14 samples grown during the isothermal parts of RTA at 440 �C. The empty markers relate to the experimental
values obtained as a result of the full annealing process included the heating and cooling stages.
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The kinetics of nickel silicide formation in SiNWs in the temper-
ature range 400–550 �C has been studied by Dellas et al. [9]. For
h112i oriented SiNWs, growth of the h-Ni2Si phase has exhibited
square root kinetics with an activation energy of 1.45 ± 0.07 eV/
atom, very close to the value found in the present research for
the growth of the nickel silicide intrusion consisted mainly from
the NiSi phase. It should be noted that the activation energy extrac-
tion methods used in the present research and in the work of Del-
las et al. [9] are substantially different. In the present research a
given sample was annealed subsequently at different temperatures
for 30 s and the corresponding square intrusion length increase
was used to determine the activation energy. Dellas et al. [9] have
used different samples for every time and temperature of the
annealing process. In the latter case a large set of samples is
needed, and averaging over these samples, with different SiNW
diameters and (possible) different conditions at the Ni pad/silicide
interface is required.

Influence of heating and cooling of the samples up to the de-
sired annealing temperature on the measured values of the intru-
sion lengths was taken into account both in the study of Dellas
et al. [9] and in the present research, however, by different meth-
ods: Dellas et al. [9] have used additional samples to determine the
amount of Ni silicide growth during ramping up and cooling down
for each annealing temperature. In the present research the silicide
growth during subsequent heating and cooling for a given sample
was calculated by using the self consistent procedure which was
described above. Nevertheless, the results are very similar: in both
cases the growth of the nickel silicide phase was controlled by dif-
fusion with activation energy of about 1.45 eV which is typical for
surface or interface diffusion in Ni/nickel silicide/Si system.

The activation energy of 1.25–1.7 eV, found by Kuo-Chang Lu
et al. [5] corresponds to NiSi growth in the case of point contact
Ni/Si reaction, when the growth kinetics is linear. In this case the
growth is controlled by transition of Ni atoms through SiO2 shell
to the Si or nickel silicide surface [10]. This close agreement with
the obtained diffusion activation energy may be not accidental
since the processes of Ni dissolution in the nickel silicide near-sur-
face layer and Ni diffusion in the near-surface layer may have the
same (or very close) activation energies.

The Ni-silicide growth in SiNWs with different cross-sectional
area fabricated on differently strained SOI (with 70 and 88 nm-
thick Si layer) was studied at 500 �C for 10 s [12]. A linear depen-
dence of the silicidation speed on the inverse NW cross-sectional
area observed by Habicht et al. [12] can be related to the linear
growth regime discussed in our previous works [10,15].
The study of NiSi2 phase formation in Si(111) NWs in the tem-
perature range of 300–800 �C [14] exhibited two different stages: a
linear growth during the first stage followed by a diffusion limited
parabolic growth dependence. Such behavior is typical for the sil-
icidation process in Ni/SiNWs [10]. The activation energy found
by Chen et al. [14] for the diffusion-limited growth of NiSi2 phase
(1.641 ± 0.237 eV) is quite close to the activation energies for diffu-
sion of Ni along both the h–Ni2Si (1.45 ± 0.07 eV) [9] and the NiSi
(1.45 ± 0.11 eV) found in the present research.
5. Conclusion

A square root time dependence of the total intrusion length was
found for nickel silicides formation in SiNWs at temperatures 350–
440 �C indicating of diffusion controlled process. Subsequent
annealing steps of the samples at different temperature revealed
Arrhenius-type temperature dependence of the square intrusion
length increase with an activation energy of 1.45 ± 0.11 eV. Addi-
tional silicide growth during heating and cooling of Ni/SiNWs
was taken into account for the square intrusion length increase cal-
culations. This activation energy is close to those obtained from the
kinetics of lateral growth of nickel silicides in thin film solid state
reactions controlled by surface and interface diffusion of nickel.
One may conclude that the nickel silicides formation in SiNWs is
controlled by diffusion of Ni along the nickel silicide surface or
nickel silicide/SiO2 interface to the Si/silicide interphase boundary.
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