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Thermally activated axial intrusion of nickel silicides into a silicon nanowire (NW) from pre-
patterned Ni reservoirs is used in formation of nickel silicide/silicon contacts in SINW field effect
transistors. This intrusion consists usually of different nickel silicides which grow simultaneously
during thermal annealing. Repeated annealing is often accompanied by local thickening and
tapering of the NW, up to full disintegration of the silicide segment adjacent to Si. In the present
work this process was investigated for SINWs of various diameters in between 30 and 60 nm with
pre-patterned Ni electrodes after a series of rapid thermal cycles including heating, holding at
different temperatures of 400-440°C for 5-15s and cooling to room temperature. Kinetics of the
nickel silicides axial growth was analyzed in the framework of diffusion model. This model is
taking into account simultaneous formation of different nickel silicide phases and balance between
transition of Ni atoms from the Ni reservoir to the NW surface, diffusion transport of these Ni atoms
to the interfaces between different silicides and silicide/Si interface, and corresponding reactions of
the nickel silicides’ formation. Additional flux of atoms caused by the NW curvature gradients due
to different radii of different silicide phases was taken into account. For a certain set of parameters
thickening of the nickel-rich silicide intrusion and tapering of the monosilicide part of intrusion

were obtained. © 2013 American Institute of Physics. [http://dx.doi.org/10.1063/1.4792670]

INTRODUCTION

In the last decade field-effect transistors (FETs) based
on NiSi/Si nanowire (NW) heterostructures in which the
source-drain contacts are defined by the metallic NiSi NW
regions have been widely observed.'™® Thermally activated
axial intrusion of nickel silicides into the SINW from pre-
patterned Ni reservoirs is used in formation of nickel sili-
cide/silicon contacts for SINW FETs. However, the forma-
tion of a precisely controlled nanostructure remains a
challenging problem in nanotechnology. The axial intrusion
consists usually of different nickel silicides which grow
simultaneously during thermal annealing. Linear and para-
bolic stages of the nickel silicidation were observed in the
cases of predominant formation of NiSi,z‘8 B-NiQSi,9 and
NiSi, phases.'®!" The rate-limiting step providing the lin-
ear stage may be caused by transition of nickel atoms from
the Ni source through the Ni/silicide interface® or by the
reaction limit at the silicide/Si interface.!' Repeated anneal-
ing is often accompanied by local thickening and tapering
of the NW,*'2 up to full disintegration of a silicide segment
adjacent to the silicon.'® Up to date, comprehensive under-
standing of these processes is still missing. Simultaneous
growth of different silicides in SiNWs during rapid thermal
annealing (RTA) was recently analyzed in the framework
of diffusion model, which takes into account the balance
between transition of Ni atoms from the Ni reservoir to the
NW surface, diffusion transport of these Ni atoms from the
contact area to the interfaces between different silicide
phases and nickel silicide/Si interface, and corresponding
reactions of Ni atoms with Si and the nickel silicides
formed.'* In the present work diffusion growth and possible
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instability of two-phase nickel silicide intrusions in SINWs
are investigated after a series of rapid thermal cycles
including heating to annealing temperature of 400-440 °C,
holding at this temperature for 5-15s and cooling to room
temperature.

The results were analyzed in the framework of diffusion
model which was developed. This model includes the fluxes
of Ni and Si atoms along the nickel silicides formed as well
as the reactions at Si/silicide and silicide/silicide interfaces.
Thickening and tapering of the silicide intrusion are explained
by the presence of opposite atomic fluxes caused by curvature
gradients. The latters are connected with the presence of two
or more different nickel silicide phases along the intrusion
segment. Quantitative agreement between experiments and
theory was obtained and discussed.

EXPERIMENTAL DETAILS

The SiNWs were synthesized by the vapor-liquid-solid
growth technique in an ultrahigh vacuum chemical vapor depo-
sition chamber, with silane as the silicon precursor and gold as
the catalyst.ls_17 The nanowires grown at 420°C or 450°C
consisted of three populations. The thick (more than 60 nm in
diameter) nanowires were grown in (111) direction, the thinner
ones—in (112) and the thinnest—in (110) direction. Typical
diameters of NWs grown in the (112) and (110) directions
were 35-60 nm and 25-40 nm, respectively. SINWs were oxi-
dized at 700 °C by Chemical Vapor Deposition (CVD) reactor
in oxygen flow with rate of 200 sccm and pressure of 1 atm.
SiNWs were randomly dispensed from an ethanol suspension
onto Si3N,4/Si substrate and e-beam lithography was executed
to pattern the metal source/drain contacts.

© 2013 American Institute of Physics
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Metallic Ni/Au electrodes for the source/drain contacts
were deposited by e-beam evaporation. Before metal deposi-
tion, a 10s etch in 6:1 (NH4F:HF) buffered oxide etch
(BOE) was used to remove the thermal or native oxide on
the SiNWs surface 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 5min from the BOE step.
Metallic electrodes were deposited by evaporation with base
pressure of 2-10~ ' 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 sil-
icide growth process.

In order to form the nickel silicide/silicon contacts, a few
subsequent anneals of the sample, at 400 °C for 155, 420°C
for 15s, and 440°C for 5s, were performed by a RTA
machine with ramp rate of 1 °C/s in a nitrogen atmosphere.

After every annealing process, the silicide intrusions
were investigated by high resolution scanning electron mi-
croscopy (HRSEM) and atomic force microscopy (AFM).

EXPERIMENTAL RESULTS

The axial nickel silicide intrusions formed during subse-
quent thermal cycles with annealing temperatures of 400°,
420°, and 440 °C are consisted from different nickel silicide
phases grown simultaneously (Figs. 1-4). Morphological
peculiarities of the silicide intrusions were observed as alter-
nate thickening and tapering of the NW segments.
Surprisingly, the number of thicker and thinner parts is corre-
sponded to the number of thermal cycles included heating and
cooling up to room temperature. Tapering of the silicide seg-
ments close to the Si part of the NW (apparently, monosilicide
parts) was accompanied by thickening of the adjacent Ni-rich
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FIG. 1. (a) and (b): HRSEM images of a
28 nm-thick Ni/SiNW structure from the
left (a) and right (b) sides after two sub-
sequent thermal cycles each with anneal-
ing temperature of 420°C for 15s; (c)
and (d): the same structures after three
additional thermal cycles at 440°C for
5s.
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FIG. 2. (a) HRSEM images of a 28 nm-thick Ni/SINW structure after five
subsequent thermal cycles with annealing temperatures of 420°C for 15s
(two first) and 440 °C for 5 s (three last); (b) the same structure after the 6th
annealing cycle at 400°C for 15s; (c) the same structure after the 7th
annealing cycle at 400 °C for 15s.
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(Ni;,Si, x>0) segments as seen in Figures 1-4. In some
instances the NW tapering continued up to full dissolution/dis-
integration of the silicide segment adjacent to the Si NW
(Figures 3(b), 3(c), 4(a), 4(b), and 5). The thicker parts may
have the shape of sequential rings or peas at different sides of
the same NW (Figures 1, 2, and 4). Temporal evolution of the
morphological peculiarities in the NiSi/Si NW is exemplified
in Figures 1 and 2. In this case, the first two thermal cycles
with annealing temperature of 420°C for 15s caused forma-
tion of a two-phase nickel silicide intrusions from both sides
of the NW (Figures 1(a) and 1(b)), where the thicker part was
a Ni-rich silicide and the thinner one was a monosilicide as it
has been identified previously.®'® The further three subse-
quent thermal cycles each with annealing temperature of
440°C for 5 s resulted in formation of pea-like structure at the
left side and rings at the right side (Figures 1(c) and 1(d)).

gih 5th 4t 319 cycles
A /
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FIG. 3. (a) HRSEM images of the a
42 nm-thick Ni/SINW structure after
two subsequent thermal cycles each
with annealing temperature of 420°C
for 15s; (b) the same structure after
three additional thermal cycles each at
440°C for 5s; (c) the same structure af-
ter the 6th thermal cycle at 400 °C for
15s; (d) magnification of the dissolved
NW section in (b).

The number of peas (4) and rings (3) corresponds to the
number of thermal cycles. In order to understand the influence
of the heating and cooling process, two additional cycles with
heating to 400 °C, holding at 400 °C for 15s and cooling to
room temperature were applied. As a result, additional rings
were formed on both sides of the silicide intrusion after every
thermal cycle (Figures 2(b) and 2(c)). An example of full dis-
solution of a silicide segment after series of five thermal
cycles is presented in Figure 3. In this case of full dissolution
of the thinner silicide segment at the left side of the intrusion
(as shown in Figures 3(b), 3(c), 4(a), and 4(c)), an additional
ring after the 6th annealing cycle did not form at the left side,
but still formed at the right side of the intrusion. It is interest-
ing to note that in the case of full dissolution of the silicide
segment, the NW integrity is apparently kept here by a 5 nm-
thick thermal oxide shell (Figure 3(d)).

5t 41"1 3rd Cyc|es 4

FIG. 4. (a) HRSEM images of the a
46 nm-thick Ni/SINW structure after five
subsequent thermal cycles with anneal-
ing temperatures of 420°C for 15s (two
first) and 440°C for 5s (three last); (b)
magnification of the right side of the
structure shown in (a); (c) the same
structure after the 6th thermal cycle with
annealing temperature of 400°C for
15s; (d) magnification of the right side
of the structure shown in (c).
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FIG. 5. Schematic diagram of evolution of nickel silicide intrusions during
RTA.

DISCUSSION

Simultaneous growth of mono- and nickel-rich silicides
can be described in the framework of diffusion model, which
takes into account the balance between transition of Ni atoms
from the Ni reservoir to the NW surface, diffusion transport
from the contact area to the interfaces between different sili-
cides and nickel silicide/Si interface, and corresponding reac-
tions of Ni atoms with Si and the nickel silicides formed.'*
However, thickening and thinning of different parts of the
nickel silicide intrusion, up to full dissolution of some part of
the intrusion, cannot occur without some diffusion of silicon
atoms. The Si atoms diffuse along the NiSi surface, reach the
boundary NiSi/Nij,,Si (x>0) and react there with the Ni
atoms arriving this boundary from the Ni source to form a
new portion of Nij,,Si phase (Fig. 5). Without lose of gener-
ality, we use x = 1 in the following discussion.

The total nickel flux, J§/, arriving the Ni,Si/NiSi bound-
ary (B) can be divided into three parts

Tt = INS )+ (D
where J ,(Vli) and J, ,(\,2i> are the fluxes of Ni atoms reacting with
Si atoms arriving this boundary and with NiSi phase, respec-
tively. JN5S" is the Ni flux that reaches the NiSi/Si boundary
(B,). The corresponding reactions at boundary B; can be
written as follows:

ONi + Si — NixSi, )
Ni + NiSi — Ni»Si. 3)

Assuming JYiS' = 0JViSi and J\))
rewritten

= 2J§’,~"S", Eq. (1) can be

T = INBI(1+20) + 7). 4)

In a steady state condition, diffusion fluxes of Ni atoms are
the following:

Co—C
Jzt\(/),'t =L MOLI#I R —D10T11517 &)
o c,-C
in\\//;& -7 #1L2H2 ,~ —D, IQL2 2S27 6)

where L and L, are the kinetic coefficients (D, and D, are
corresponding diffusion coefficients) along the Ni,Si and
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NiSi segments of intrusion, L; and L2 are the lengths of
Ni,Si and NiSi segments, 1, i1, and u, (Cy, Cq, and C,) are
the Ni chemical potentials (concentrations) near the Ni
source, at the Ni,Si/NiSi boundary (B;), and at the NiSi/Si
boundary (B,), respectively. s; =2nRd, and s, =27R,J,
where 0 is the diffusion surface layer thickness and Q is the
atomic volume in the surface layer. The reaction flux J, ,(\,zi)can
be written by analogy to the fluxes (5) and (6)

M reac ~ _Dreacmsreuw (7)

R,

2) _
JNi - £rea(: QR]
where L. is the kinetic coefficient of reaction (3) and ffeac
is the chemical potential of Ni atoms at the NiSi/Ni,Si inter-
face after reaction (B).

Fluxes of atoms are influenced by the surface curvature
gradient, as well. The radius of the Ni,Si segment is larger
than the radius of the NiSi segment due to different number of
atoms per unit length. Neglecting the difference of Si atoms
per unit length, one can obtain: R = R2(3I/N,'25,'/2VN,'5,')1/ 2
where vnirsi, and vys; are the atomic volumes for these two
nickel-silicide phases. Using the values of vyjpsi =0.011 nm’
and ;s =0.0122 nm?® yields the ratio R{/R,=1.165. The
difference in cylinder radii of the Ni,Si and NiSi phases leads
to different curvatures of their surfaces.

In order to understand the influence of curvature gradi-
ent on the total flux of atoms, let us analyze the mass balance
conditions at the Ni/nickel silicide contact and at the NiSi/
Ni,Si interface (B;). The flux of Ni atoms from the reservoir
through the contact layer of thickness h and area S, is equal
to J3f Ref. 8
Ho Cres = Co

Hyes —
= Jeon = _‘Ctr* Scon = =Dy
Ni g g Qh

h Sc‘on ) (8)

where Ly, is the kinetic coefficient for transition of Ni from
the reservoir to the silicide surface and (., is the chemical
potential of Ni atoms in the Ni reservoir.

Using Eqgs. (4)—(8) one can find the values of y and
as functions of [, [eacs Mo and of dimensionless intrusion
lengths [y =L/R, and [, =L,/R;. When the fluxes of nickel,
described by Egs. (5), and (6), are directed from the Ni reser-
voir to the silicon part of the NW (“positive” direction), the
silicide intrusions, /; and /,, grow with different kinetics,
from linear to parabolic, depending on kinetic, geometric
and contact parameters.'* The sign of the flux JY'S (Eq. (6))
is determined by the difference of the chemical potentials

:f()(:ures B :u2) + (qo + ll)po(:urfac - iuZ)
Jo+(qo+ 1) (po+1/L2)

where fo=[L181/Las:(1420)], qo= (L1s1h/LySconR1), and
P0o = (LreacSreac/ £282). As stated before, the chemical poten-
tials Lires, Lreac, and i, depend on the surface curvature'®

Hy — o ()

Hres = Hyeso + ’))Q/Rh Hreac = Hreaco + ’))Q/Rl’
I = o + 7/Ry, (10)

where 7 is the surface energy. If tye..< 1o (can be possible
due to the curvature term), the difference (i -u,) decreases
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with increasing of the nickel-rich silicide length, /;, and
reaches zero at a critical value

crit __ fO Hyeso — Moo — ’VQAR/RlRZ
S —qo, (1D
0/ H20 = Hreaco + VQAR/RIRZ
where AR = R; —R,. For values [;>[{", the flux Jy*
reverses its direction, and the nickel atoms are transferred
from the NiSi to the Ni-rich part of intrusion. The critical
value [§" can be estimated assuming fo=1, L
kBT > VQM/R[RQ and |/.L2() — ,um,c| < VQM/R[Rz, and
’})

using typical values of y=2J/m? Q=12-10"% m?
kg7 =9.29- 10727 (T =?), R, = 12nm, and R, = 10 nm

— Mo =

lirit ~ kBTR1R2/p0'yQAR —qo = 30/p() — q0- (1 la)
This length can vary over a wide range of values depending
on parameters of reaction (3) (incorporated in parameter p),
on supply of Ni atoms from the reservoir (parameter ¢), and
on annealing temperature influencing kinetic parameters £;
as well. For example, for py=qo= 1, I{"" =29. It should be
noted that the flux J does not change its direction since the
difference of chemical potentials, i, — u;, remains positive
for all values of /,. It worth to mention that since /" depends
on temperature, it could be that during annealing cycle,
[t — ], changes sign and the flow of Ni within the NiSi seg-
ment will change direction as well. A consequence of such
behavior will discuss shortly.

Tapering and dissolution of NiSi part of intrusion

When the flux of Ni atoms along the NiSi part of intru-
sion reaches zero and then reverses its direction, the net flux
of atoms becomes negative, since the flux of Si atoms is
always directed from the Si towards the nickel reservoir.
Moreover, the fluxes cannot be longer constant along the
NiSi intrusion. At the Si/NiSi interface (B,) the flux of Ni
atoms should be equal to zero (there is no a source of Ni
atoms there). Maximum atomic flux from the NiSi to the
Ni,Si will be realized at the NiSi/Ni,Si interface (B;) where
the gradient curvature is maximal. For /; > I{"" the differ-
ence of the chemical potentials, according to Eq. (9), can be
approximated as follows:

Allpo(/,t, eac #2) ~ ﬁ’}'QAR
Jo+(qo+1h)(po+1/h) i RiRy’

=ty = (12)

where Al; = I; — [§""". The corresponding Ni flux at the NiSi/
Ni,Si interface, Eq. (6), is directed from the NiSi to the Ni,Si
and determines the rate of dissolution of the NiSi part of intru-
sion. It should be emphasized that dissolution of NiSi phase
requires both Ni and Si fluxes being equal in their value and
direction. Then, the total atomic flux along the NiSi intrusion,
JNISi — 2 JNiSi - Assuming a linear increase of JY' from zero

tot tot
to 2J};, the rate of dissolution can be written as

ARy 8JVS  oym Al yQ5(R, — Ry)
=Q5 o — Q=N — _p,C, —_—
dl ox L, l]lz kBTR R>
(13)
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Furthermore, let R, and /, be constant, and /; = [{" it pl/2,
where o = (4D, 5/R3)1/2,8 then integration of Eq. (13)
results in the following equation:

Ri—R,
Riln— =2 RO R
R Ry 2T
21,t/? 212 1'/2
:B[t— ! Zorit g (1+°‘ )} (14)
o “ lcrit

where B = D2C1y95/(kBTRflz). The time of full dissolution
(until R, =0) can be found from Eq. (14). For the case where
ar'? <« IS it can be estimated by the expression

3, R, N1
Lais & Rl —R . 15
a L“B< 1an RY 2)] ()
For D; =D, =2-10""“m?~!, R, = 15nm, R) = 13nm,

6=0.5nm, = (4D, <3/1e3)1/2 Sds 12, [y =30, C,=0.67,
9Q/kpT =2nm, and /,=10 one can obtain Ba1.0 nm/s and
t4is~70s. Interestingly, typical annealing periods in which
full dissolutions were observed, last between 50 and 100s, in
good agreement with this theoretical estimation.

Local thickening: Formation of rings and pea-like
bulges

Periodic thickening and thinning of the nickel silicide
intrusion (Figures 1-4) is apparently connected with thermal
cycling. The number of such peculiarities corresponds to the
number of thermal cycles applied during RTA. As it was
found, first annealing cycle resulted in formation of two-
phase silicide intrusion consisted of two segments with dif-
ferent radii (Figures 1(a), 1(b), and 3(a)). Following anneal-
ing at comparatively low temperatures (during heating and
cooling in the temperature range of 350-400°C) may cause
evolution of the intrusion in the Ni,Si/NiSi boundary region:
the critical length, /{, decreases with decreasing tempera-
ture (mainly, due to the increase of po ~ Lyeac/L2, Eq. (11)),
thus, while cooling the NW it is possible to enter the oppo-
site regime where /; > [{". In this regime, according to Eq.
(9), the Ni flux along the NiSi phase reverses its direction,
and provides dissolution of the NiSi phase and thinning of its
segment adjacent to the Ni,Si and thickening of the latter.
The result of such process can be seen, for example, in
Figure 3(a). Next annealing cycle provides additional supply
of nickel atoms from the Ni reservoir which causes transfor-
mation of NiSi to Ni-rich silicide again. One can assume that
this process does not occur in the thinner part of the NiSi
segment (where chemical potential of atoms is higher due to
smaller NW radius), but immediately after this segment. By
this way, new Ni,Si segment appears in the form of a new
ring (if the flux of Ni atoms is not very strong) or in the form
of a pea-like bulge. This assumption is confirmed by the fact
that the rings appeared during annealing at 440°C for 5s,
were formed at the NW sides with slower intrusion growth
rate, while the pea-like bulges formed at the NW sides with
faster growth rate (Figures 1(c), 1(d), 2(a), 4(a), and 4(b)).
When the annealing temperature was lowered to 400 °C (6th
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and 7th cycles), the new rings were formed during each cycle
on both sides of the intrusion (Figures 2(b) and 2(c)). In the
case of full disintegration of the NiSi segment after 5 thermal
cycles (Figures 3(b) and 4(a)), the 6th cycle, with annealing
at 400 °C, did not cause any changes in the left side of the
intrusion (Figures 3(c) and 4(c)), however, at the same time,
a new ring formed on the right side of the intrusion (Figures
4(b) and 4(d)). Such behavior is apparently connected with
the absence of the nickel flux from the left side after the dis-
integration of the NW.

Local thickening can be also resulted from additional
growth of Ni,Si phase during reaction (2). The Si atoms arriv-
ing at the Ni;Si/NiSi boundary (B;) with the flux /Y = 0
JNS' react with the part of Ni atoms (J ](Vll.) = 2JNISE = 20Nt
and form additional amount of Ni-rich phase. This additional
phase can be evenly distributed over the surface of Ni,Si cyl-
inder. However, when the Ni-rich intrusion length, /;, exceeds
a critical value, /5", the fluxes of Ni, J%/, and J}'*', have op-
posite directions near the Ni,Si/NiSi boundary. This may lead
to accumulation of material there and formation of additional
Ni-rich phase overhead the Ni,Si cylinder in the immediate
vicinity of the Ni,Si/NiSi boundary. The additional phase
leads to increase of Ni-rich cylinder radius (and corresponding
decrease of local curvature) resulting in accelerating dissolu-
tion of the NiSi phase. At the same time, additional curvature
may appear due to formation of torus-like surface.

Let us evaluate possible increase of Ni,Si cylinder ra-
dius due to reaction (2). The volume of additional Ni,Si
phase is giving by

AV = 3.][(\/11) : I/Nl'zsjA[ = 69][1xi8i : VNfgSiAt

UNiySi Ci—C
=60 - —22AtD
Q L

27R5S. (16)

This volume change is equal to AV:n(lﬁ—R%)-h
~27nR{AR-h, where h is the width of the additional Ni,Si
phase, and

C, -G,
D . 1
R Q ° L, an

ﬁ_ AV _69'5‘R2VN,'2§,'
At _27'CR1/’l_

Assuming (DzAz‘)l/2 ~L,=100nm, 6=0.5nm, R, =18nm,
Ry=15nm, h=20nm, uvy,s=QQ, C;-C;=0.17, and
0=0.24, one can obtain AR =5nm. Such local thickening of
the nickel-rich silicide cylinder was often observed after
applying complete thermal cycling.
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CONCLUSION

Evolution of nickel silicide intrusions in the NiSi/Si NWs
was investigated after a series of rapid thermal cycles
which included heating, holding at different temperatures of
400-440°C for 5-15s and cooling to room temperature.
Simultaneous formation of different nickel silicide phases dur-
ing RTA was confirmed. Thermal cycling resulted in sequential
thickening of nickel-rich part with formation of rings or pea-like
bulges at different sides of the same NW. It was accompanied
by tapering of the monosilicide part up to its full dissolution and
breaking of the NW. The NW curvature gradients appearing
due to different radii of different silicides may play substantial
role in tapering and dissolution of monosilicide segment of
intrusion. Simultaneous growth of mono- and nickel-rich sili-
cides was described for different kinetic and geometrical param-
eters of the system in the framework of diffusion model
developed. For a certain set of parameters formation of the pea-
like profile on the nickel-rich silicide surface, tapering and disso-
lution of the monosilicide part of intrusion were obtained.

'"M. Weber, L. Geelhaar, A. P. Graham, E. Unger, G. S. Duesberg, M.
Liebau, W. Pamler, C. Cheze, H. Riechert, P. Lugli, and F. Kreupl, Nano
Lett. 6, 2660 (2006).

2K.-C. Lu, W.-W. Wu, H.-W. Wu, C. M. Tanner, J. P. Chang, L. J. Chen,
and K. N. Tu, Nano Lett. 7, 2389 (2007).

3y. Hu, J. Xiang, G. Liang, H. Yan, and C. M. Lieber, Nano Lett. 8, 925
(2008).

Y. Wu, J. Xiang, C. Yang, W. Lu, and C. M. Lieber, Nature 430, 61 (2004).
SN. S. Dellas, B. Z. Liu, S. M. Eichfeld, C. M. Eichfeld, T. S. Mayer, and
S. E. Mohney, J. Appl. Phys. 105, 094309 (2009).

oW. Weber, L. Geelhaar, E. Unger, C. Cheze, F. Kreupl, H. Riechert, and
P. Lugli, Phys. Status Solidi A 244, 4170 (2007).

K. Sarpatwari, N. S. Dellas, O. O. Awadelkarim, and S. E. Mohney, Solid-
State Electron. 54, 689 (2010).

8Y. E. Yaish, A. Katsman, G. M. Cohen, and M. Beregovsky, J. Appl.
Phys. 109, 094303 (2011).

°N. S. Dellas, M. Abraham, S. Minassian, C. Kendrick, and S. E. Mohney,
J. Mater. Res. 26, 2282 (2011).

10K Ogata, E. Sutter, X. Zhu, and S. Hofmann, Nanotechnology 22, 365305
(2011).

Y. Chen, Y. C. Lin, C. W. Huang, C. W. Wang, L. J. Chen, W. W. Wu,
and Y. Huang, Nano Lett. 12, 3115 (2012).

12Y -C. Lin, Y. Chen, D. Xu, and Y. Huang, Nano Lett. 10(11), 4721 (2010).

BA. Katsman, M. Beregovsky, and Yu. E. Yaish, “Diffusion Instability and
Tapering of Nickel Silicide Intrusions in Silicon Nanowires,” MRS
Proceedings, 1408, mrsf11-1408-bb10-31, 2012, doi:10.1557/0pl.2012.93.

“A. Katsman, Y. Yaish, and M. Beregovsky, Defect Diffus. Forum 323-
325,427 (2012).

1R, S. Wagner and W. C. Ellis, Appl. Phys. Lett. 4, 89 (1964).

16y, Westwater, D. P. Gosain, S. Tomiya, S. Usui, and H. Ruda, J. Vac. Sci.
Technol. B 15, 554 (1997).

7 A. M. Morales and C. M. Lieber, Science 279, 208 (1998).

"SW. W. Mullins, J. Appl. Phys. 30, 77-83 (1959).



