IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 61, NO. 10, OCTOBER 2014

3363

Formation and Evolution of Nickel Silicide
in Silicon Nanowires

Alex Katsman, Michael Beregovsky, and Yuval Eliyahu Yaish

Abstract— Thermally activated axial intrusion of nickel
silicides in silicon nanowires (SiNWs) is utilized to form nickel
silicide/silicon contacts in SiNW field effect transistors. The
growth of different nickel silicides is often accompanied by local
thickening and tapering of the NW, up to its full disintegration.
In this paper, this process was investigated in SiINWs of 30-60 nm
in diameters with prepatterned Ni electrodes after annealing
cycles at different temperatures of 300 °C—440 °C and times
up to 120 s. From the temperature dependence of the intrusion
lengths, activation energy of 1.45 eV for the surface diffusion of
nickel was extracted. In several cases, periodic thickening of the
nickel-rich part is accompanied by tapering of the monosilicide
part up to its full dissolution. The Kkinetics of the nickel silicides
growth was described by phenomenological model. For a certain
set of parameters, tapering and dissolution of the monosilicide
part of the intrusion were predicted, similar to the experimental
results.

Index Terms— Activation energy, contacts, instability, kinetics,
nanowire (NW), nickel silicide.

I. INTRODUCTION

UASI 1-D semiconducting structures have been recently

studied as potential candidates for electronic applica-
tions. Semiconducting nanowires (NWs) have been imple-
mented as the active channel of field effect transistor (FET)
with linear and Schottky barrier source and drain
contacts [1], [2]. Silicon NW (SiNW) FETs are of particular
interest because they could allow the combination of
1-D transport and self-assembly techniques with the well-
established Si technology. Of fundamental importance is
the method in which contacts to the NW channel are being
formed. Nickel silicide/silicon contacts used in FET can
be formed by thermally activated axial intrusion of nickel
silicides into the SINW from e-beam lithography prepatterned
Ni reservoirs located at both ends of the NWs. However,
the formation of a precisely controlled nanostructure remains
a challenging problem in nanotechnology today. Formation
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of six possible phases in the NiSi system was observed in
thin-film couples [3]. However, in the case of NW, not all of
these phases are formed due to kinetic and thermodynamic
constraints. Depending on preparation of the Ni/Si contact
area, annealing conditions, thickness, and crystallographic
orientation of SiNW, one, two, or more silicide phases form
and grow simultaneously [4]-[14].

Transformation of the longitudinal NW segments into single
crystalline nickel silicides throughout the entire NWs bulk
has been interpreted by some investigators as evidence of
a volume diffusion control process. However, the volume
diffusion coefficients of nickel in NiSi at 300 = 400 °C are
inconsistent with observable nickel silicide intrusion lengths.
The experimental results published so far show a distinct
inverse dependence of nickel silicide intrusion length on the
SiNW diameter [4], which is indicative of a surface diffusion
or a surface reaction controlled process.

The kinetics of nickel silicide growth in SiNWs found by
different authors [4]-[14] varies substantially, and the growth
rates may differ by some orders of magnitude at the same
temperature (for example, from ~0.01 nm/s at 500 °C [6]
to ~4 nm/s at 450 °C [10] and ~5 nm/s at 420 °C [11]).
Kinetic analysis of nickel silicide formation through point
contact reaction between Si and Ni NW in the temperature
range 500 °C-650 °C was performed in [6]. A linear time
dependence of the silicide length was found for all temper-
atures investigated, with growth rates of 0.01-0.1 nm/s [6].
Activation energies were obtained for the case of nickel
diffusion through the silicon part of the NW (1.25 eV)
and for diffusion through the nickel silicide phase (1.7 eV).
Lu et al. [6] 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 accompanied by very fast volume diffusion of
interstitial nickel atoms.

Later on, the kinetics of NiSi phase formation was stud-
ied in [10] in the temperature range 400 °C-550 °C for
50-75-nm-thick SiNWs grown along the (112) and (111)
directions. For (112)-oriented SiNWs, growth of the -Ni,Si
phase exhibited parabolic kinetics with activation energy
of 1.45 £ 0.07 eV/atom. In the case of (111)-oriented
SiNW, the NiSip was the only formed phase, and its
growth demonstrated linear kinetics with activation energy
of 0.76 £ 0.10 eV/atom [10]. Square root time dependence
of the total silicide intrusion length was found in [11] for
different crystallographic orientations of SiNWs and core
diameters ranging from ~10 to 100 nm. They found that
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the NiSip was the first forming phase, whereby Ni-rich
silicide phases subsequently nucleate close to the Ni reservoir.
Ogata er al. [11] also observed the retardation of silicide
growth in oxidized SiNWs. A square root time dependence
of the total intrusion length was found for nickel silicides
formation in SiNWs at temperatures 350 °C—440 °C [12].
Subsequent anneals of the samples at different temperatures
revealed Arrhenius-type temperature dependence of the square
intrusion length increase with an activation energy of 1.45 +
0.11 eV [12]. Transition from linear to parabolic growth of
nickel silicides in SINWs was analyzed in [13]. The linear
regime can be realized when transition of Ni atoms from
the Ni reservoir toward 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. Intermediate regimes are real-
ized in many cases [13]. 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/SiO» interface.

The axial intrusion usually consists of different nickel
silicides that grow simultaneously during thermal annealing.
The kinetics of their growth inside the intrusion can be
different with (or without) predominant growth of one of
the silicides [16]. The growth is often accompanied by local
thickening and tapering of the silicide NW [17]-[21], up to
full disintegration of a NW segment adjacent to the Si. To
date, comprehensive understanding 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 a model, which considers 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 silicides and nickel silicide/Si
interface, and corresponding reactions of Ni atoms with Si
and the nickel silicides formed. Thickening and tapering of
the silicide intrusion during repeated anneals can be explained
by the presence of opposite atomic fluxes caused by curvature
gradients. The latter are connected with the presence of two
or more different nickel silicide phases along the intrusion
segment [20].

In this paper, we considered the time and
temperature dependencies of nickel silicide intrusions in
(110)- and (112)-oriented SiNWs for a temperature range of
300 °C—440 °C and NW diameters of 30-60 nm obtained
previously in our laboratory [12], [13], [20], [21]. The
results were analyzed in the framework of reactive diffusion
model which was developed. Quantitative agreement between
experiments and theory was obtained and discussed.

II. 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 [22], [23]. Typical diameters of NWs grown
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Fig. 1. Two-phases nickel silicide intrusions in SiNWs after different RTA.

in the (112) and (110) directions were 35-60 and 25-40 nm,
respectively. SINWs were oxidized at 700 °C by CVD reac-
tor in oxygen flow with rate of 200 sccm and pressure
of 1 atm. Samples were fabricated by a method described
previously [12], with the lone exception being that the SINWs
were randomly dispensed from an ethanol suspension onto a
sacrificial 150-nm-thick polymethyl methacrylate resist layer
(deposited on the Si3N4/Si substrate), which allowed to obtain
a suspended SiNW structure. To form nickel silicide/silicon
contacts, a series of anneals of the Ni/SINW sample was
performed: the first, at 420 °C for 15 s, followed by a few
subsequent anneals, each at 440 °C for 5 s. Each anneal
was carried out in a RTA machine in a nitrogen atmosphere
and included heating to (and cooling from) the annealing
temperature with the rate of 2° (4°) C/s. After every annealing,
the silicide intrusions were investigated by high-resolution
scanning electron microscopy (HRSEM) and atomic force
microscopy (AFM).

III. MAIN EXPERIMENTAL RESULTS

The axial nickel silicide intrusions were formed as a result
of a series of subsequent anneals at 420 °C and 440 °C.
Simultaneous growth of two nickel silicide phases along
SiNWs was observed in a number of works [12], [13], [16].
Typical results from our laboratory are presented in Figs. 1-6.
Two-phases nickel silicide intrusions with different thicknesses
of each intrusion segment are shown in Fig. 1. Time evolution
of the intrusion length for different SiNWs at 420 °C and
440 °C is presented in Fig. 2. To estimate the effective
activation energy for this process, a number of samples were
annealed for 30 s subsequently at 300 °C, 350 °C, 400 °C,
420 °C, and 440 °C. One such sample is shown in Fig. 3.

The morphological peculiarities of the silicide intrusions
were observed sometimes as alternate thickening (pea- and
ring-like structures, Fig. 4), and tapering of the NW segments
(Fig. 5). In some instances, the NW tapering continued up to
full dissolution/disintegration of the silicide segment adjacent
to the SINW [Fig. 6(b) and (c)].

IV. THEORETICAL MODEL

In the model presented below, the simplifying assumption
was made that only two nickel silicides are formed, namely,
Ni-rich phase Nij,Si (x > 0) and NiSiy phase (y = 1 or
2). Simultaneous growth of several nickel silicides in SINWs
is controlled by some sequential processes: 1) transition of
Ni atoms from the e-gun- deposited Ni reservoir through an
intermediate contact layer (formed by Si oxides or another
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Fig. 2. HRSEM micrographs of SiNWs with NiSi intrusions formed during
RTA for different times at (a) 420 °C and (b) 440 °C.

300 nm

Fig. 3. HRSEM images of SiINW covered by 140-nm Ni/20-nm Au after
subsequent RTA at 350°C, 400 °C, 420 °C, and 440 °C for 30 s each. The
SiNW has the core diameter of 30 nm and native oxide shell of 3 nm.

contamination of the Si surface before Ni deposition) to the
silicon or the nickel silicide surface; 2) diffusion transport of
these Ni atoms from the contact area to the reaction interfaces;
and 3) reaction of Ni atoms with Si or nickel silicides at the
reaction interfaces resulting in the growth of different nickel
silicides (Fig. 7).

Experimentally observed thickening and thinning of differ-
ent parts of the nickel silicide intrusion, up to full dissolution
of some part of the intrusion, cannot occur without some
diffusion of silicon atoms. In the model considered below, the
Si atoms diffuse along the NiSi surface, reach the boundary
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Fig. 4. HRSEM images of a 28-nm-thick Ni/SiNW structure after five
subsequent thermal cycles with annealing temperatures of 420 °C for 15 s
(two first) and 440 °C for 5 s (three last).

Fig. 5. HRSEM images of Ni/SiNW structure after thermal annealing at
420 °C for 15 s. (a) Total view of the NW structure with two tapered NiSi
regions. (b) and (c) Bottom and upper parts of the NW structure.
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Fig. 6. HRSEM images of a 52-nm-thick Ni/SiNW structure as a result of
RTA (a) at 420 °C for 15 s, followed by (b) two subsequent anneals each at
440 °C for 5 s, and (c) magnification of the dissolved NW section in (b). (The
NW integrity is apparently kept here by a 5-nm-thick thermal oxide shell).
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Fig. 7. Evolution of nickel silicide intrusion during RTA, schematic diagram.

NiSiy/Nij,Si and react there with the Ni atoms arriving at
this boundary from the Ni source to form a new portion of
Nij4+,Si phase (Fig. 7). Without loss of generality, we use
x =y = 1 in the following discussion. The flux of Ni atoms
from the reservoir through the contact layer of thickness h is
proportional to the contact area, Scon

Hres — KO

Ly ;
where L is the kinetic coefficient for transition of Ni from
the reservoir to the silicide surface, urs and uo are the
Ni chemical potentials in the Ni reservoir and on the intrusion
surface near the Ni source, respectively. This flux is equal to

Scon (1)

Jcon =
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the total flux of nickel atoms, J{, diffusing then along the
nickel-rich silicide surface

lejc;t = Jcon- (2)

The total flux of nickel atoms arriving at the NipSi/NiSi
boundary (Bp) can be divided into three parts

Jlot NiSi

! 2
Ni = JINi +JI£Ii)+JIEIi) 3)

where Jlflli) and Jlg) are the fluxes of Ni atoms reacting
with Si atoms arriving at this boundary and with NiSi phase,
respectively. JI\I}IiiSi is the flux of nickel atoms that diffuse
along NiSi surface and reach the NiSi/Si boundary (B3).
The corresponding reactions at boundaries By and B> can be
written as follows:

2Ni+Si — NiySi  (B)) 4)
Ni+ NiSi — NiSi  (By) Q)
Ni+Si— NiSi (B). (6)

Reaction (5) is assumed to occur since the NirSi is more
stable than the NiSi at reaction temperatures in the presence
of Ni source [24]. Reaction (4) is provided by supply of Si
atoms along the NiSi surface by the flux JgiSi. Assuming
Jé\i“Si = HJI\I}?Si and Jlgli) = ZJé\i“Si, (3) can be rewritten

I = 131+ 20) + 0. @)

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

H = ﬁlusl ®)
Ly

Jl\l}fiiSi — ngsz 9)
Ly

where £; and £, are the kinetic coefficients along the NipSi
and NiSi segments of intrusion, L; and L, are the lengths of
Ni,Si and NiSi segments, and x1 and uj are the Ni chemical
potentials at the Ni»Si/NiSi boundary (B]) and at the NiSi/Si
boundary (By), respectively. s; = 2z R;J and s» = 27 R»0,
where 0 is the diffusion surface layer thickness. The reaction
flux 115121) can be written by analogy to the fluxes (8) and (9)

J]E]? _ L:reac[ul — Hreac
Ry
where Lreac is the Kkinetic coefficient of reaction (5) and
Ureac 1S the chemical potential of Ni atoms at the NiSi/NipSi
interface (Bj) after reaction.

Using (1) and (7)—(10), one can find the values of uo and u
as functions of pres, freac, 142, and of dimensionless intrusion
lengths /1 = L1/Ry and I, = L»/R;

_ ll,ures + qou1
I +qo
_ Sol2 pires + (qo + 11) (u2 + pola pireac)
folo + (qo + 1) (pol2 + 1)
where fo = [£151/£2S2(1 + 20)]» qo = [ﬁlslh/ﬁtrscoanL
and po = [LreacSreac/L252]. When the fluxes of nickel,

described by (8) and (9), are directed from the Ni reservoir
to the silicon part of the NW (positive direction), the silicide

(10)

Sreac

(1)

(12)

IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 61, NO. 10, OCTOBER 2014

intrusions, /1 and I, grow with different kinetics, from linear
to parabolic, depending on kinetic, geometric, and contact
parameters.

The nickel-rich silicide grows due to (4) and (5) at a rate
proportional to the corresponding fluxes

dLl (2 +X)Ql (2 NiSi
iyl GRS
1
- _R12 (4 +05s)

T I

13)

where Q1(Q)) is the atomic volume of the nickel-rich silicide
(monosilicide) phase.

The monosilicide segment grows at the NiSi/Si interface due
to reaction (6), and it is contracted due to (5) at the intersilicide
interface

dL» Nisi 2Q, o) 2+ x)Q
— = — - N — 14
dt Ni w R? N xm R3. 14

In dimensionless form, it can be rewritten as follows:

ﬂ _ 60 |:[(ﬁres — Treac)l2po + (ﬁres — 12)0]
dt — Ri(1+20) I fo + (go + 1) (pol2 + 1)
~ Po(qo + 1) (Hreae — H2)(1 — 9)/f0}
I fo + (go + 11)(pol2 + 1)

b

15)

dl,  2Rjv dli | 4Ridv
dt —  Q+x)REdt | RI(1+0)
9 [(ﬁres — 1) + (Hreac — H2)(q0 + ll)Po/f0i| (16)
I fo + (qo + 1) (pol2 + 1)

where 7 = £1QkpTt/R?, v =Qy/Q, and &; = u;/kpT.

It should be noted that for zero initial silicide lengths, l(l) =0
and lg = 0, any self-consistent solution of (15) and (16) must
satisfy the following initial conditions:

=0, <D
_ qo(ureac — 12)(1 — 0) — (ptres— 12)0 0/ po (17a)
So(ttres— preac)
Lh=0 1=0. (17b)
The first condition corresponds to the requirement

U1 > freac — 0 - (w1 — u2)/(Pol2) which provides the growth
of the nickel-rich silicide. It means that the monosilicide
starts to grow first, and the nickel-rich silicide starts to grow
only when the length of the monosilicide reaches a critical
value /5. If @ = 0, the requirement (17a) simply provides (5)
as has been found in [16].

Introducing the contact window W = (scond/s1h) and
the dimensionless parameters ri = R1/d, r = R»/J,
din = L2/L1, die = Lu/L1, and di, = Lrcac/L1, one
can write fo = r1/(r2di2)(1 + 6), g0 = 1/(r1dixw), and
po = (r1dy,w)/(r2d2). Self-consistent numerical solutions
of (15) and (16) are shown in Fig. 8 for different parameters
Mres, Mreac, M2, O, 11, 12, v, d12, diy, and dieac. The different
graphs demonstrate possible dominant growth of one of the
two possible phases.



YAISH et al.: FORMATION AND EVOLUTION OF NICKEL SILICIDE IN SiNWs

3367

60 | 1
2108
T
b ol OD.,.,
ltot
— 20 }
0 1 I 1
0 5x103 1x104  1.5x104 2x104 0 5x10° 1*10“ 1. 5K10“ 2x104
T T
40 L) T 40 T
1.5:10° 154108
lZ_ 2 lZ_ 2
1.0:10° ¥ 1.04108 . (d)
ll . 0.5410° 11 30} 0.5410° /,// ]
00 t0r 2ot % /1x1(‘):.“"‘2.x.10‘
lz_ 20 - E_ 20 | 4
ltot L ltot
10 |- . L e
0 K= 1 1 1 0 il I 1
0 5x103 1x104  1.5x104 2x104 0 5x103 1x104  1.5x104 2x104
T T

Fig. 8. Calculated dimensionless nickel silicide lengths for different kinetic and geometrical parameters. (a) and (b) Square root like and (c) and (d) linear-like
dependencies with (b) and (d) dominant growth of mono- or (a) and (c) Ni-rich silicide. Insets present the different 2 - 10 dependencies for the various

parameters.
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Fig. 9. Typical kinetics of total and particular silicide intrusion lengths; dots
(16) calculated with the parameters given in Table I.

In two limiting cases: 1) £ =0 or 2) Lyege =0, 8§ = 0—
only one silicide phase is grown (Ni-rich or NiSi, respectively).
In these cases, (13) and (14) are reduced to a single equation

% _ nj ) (ﬁres — 1) (18)
dr ri li +qi
with the following solution:
li=Jait+ (o +4g)*—qi (19

where a; = 2n; (s — #2)/1i, i = (Li/Ly)(1/riw), and

= 1 or 2 for the two limiting cases mentioned above, and
n; is an integer number depending on the kind of the silicide
phase (3 for Ni,Si and 4 for NiSi). Equation (18) is similar to
the relationship obtained earlier for the case of single nickel

silicide growth [13]. As evident from (19), for short times
T & terit = (lo + 41)* /i (20)

the dependence of /j(r) on time is a linear-type behavior.
Such a case may be realized for sufficiently small contact

are experimental values [13], and solid lines are best fit according to (15) and

windows, w, and can be referred to as contact growth regime.
In the opposite case, 7 > 7, the dependence of [j(z) on
time is square root-like, and the silicide growth is diffusion
controlled.

V. ANALYSIS OF EXPERIMENTAL RESULTS

The silicide intrusions were obtained by annealing of
SiNWs for different temperatures and times as described
n [13]. Examples of linear and square root-like time depen-
dencies observed for the Ni-rich part and NiSi part of
intrusions at 420 °C and 440 °C are presented in Fig. 9
[13, Figs. 4 and 7]. One can see the gradual decrease of the
Ni-rich silicide width (Figs. 2 and 3), which possibly indicates
formation of several Ni-rich phases. It can also be a result of
surface diffusion driven by curvature gradient (between Ni-rich
and NiSiy segments, see below). The model is limited to the
case of two phases formed simultaneously, and this question
was not resolved.

The experimental results are well described by (15) and (16)
with the corresponding parameters, d1 = 1/ fo, di, = po/fo,
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TABLE I
FITTING PARAMETERS USED FOR THE CALCULATION OF THE SILICIDE INTRUSION LENGTHS

T. °C lo1 lo2

by dir die | 71 2

Wxio? e
N1 420 4.7 3.9 3.03 1 0.01 |1 36 30 | 0.56
T11 440 25.6 2.1 10 2.7 0.7 1 36 30 | 051
T18 440 6.7 6.5 0.43 27 0.2 1 36 30 | 0.50

diw = (gowr1)~", and Hreac = Mreac/kpT, listed in Table I.
It should be noted that preliminary heating of SiNWs to
400 °C, exposure at this temperature followed by slow heating
to 420 °C or 440 °C resulted in preliminary formation of both
Ni-rich and NiSi parts; their lengths are used in the present
calculation as initial lengths /o and /q;.

Substantial growth of NiSi at 420 °C and 440 °C as
compared to the dominant growth of Ni-rich silicides at lower
temperatures (usually lop; > lop) is indicative of relatively
lower rates of (4) and (5) at higher temperatures. Surface
diffusion coefficients along Ni-rich silicide can be evaluated
as 5-107'* m%/s at 420 °C and 1-107"% m%/s at 440 °C. The
diffusion coefficient along the monosilicide surface is of the
same order at 420 °C (d1 = 1), but of about three times
higher at 440 °C (d»; = 2.7). For sample N1, where the
critical time, 7ot = 1.5-103 (20), the growth occurs mainly at
T > Tcrit, and the time dependence of the total intrusion length
is square root-type; the same is true for the NiSi part; however,
the Ni-rich silicide part grows almost linearly, due to a low
reaction rate, dr1. For sample T11, the window value, w = 0.1,
is sufficiently high, 7cii = 140 and the growth occurs in the
diffusion-controlled regime for both parts of the intrusions. For
sample T18, the contact window is small, w = 4.3- 104, thus
the experimental times 7 < T¢it = 7.3 - 10%, and both parts of
the intrusion increase linearly with time; in this case, the total
growth rate is determined by the transfer of Ni atoms from
the reservoir, and the particular rates depend on the reaction
rate, dy¢, at the Nijy,Si/NiSi interface.

In the general case, square root time dependence can be
realized for the total silicide length (in the diffusion-controlled
regime), while a particular silicide phase may have different
kinetics (square root, linear, or intermediate) depending on
the reaction rate of the silicide transformations. In this case,
assuming similar values for the diffusion coefficients of Ni
along different silicide/SiO, interfaces, or, at least, their sim-
ilar activation energies, the total silicide length can be well
described by the simplified relation

P
L>— L2 = 8DsAt(Cres—Cf)E

) E
= Ajexp T At

= A*(T)At (21)
where D; is the diffusion coefficient, and Crs and Cy are
the dimensionless nickel concentrations in the reservoir and
at the Si/nickel silicide interface, respectively. Analysis of the
temperature dependence of the square length increase, AL,%,
after each RTA process for 30 s, at subsequent temperatures
T, and T4, allows evaluating the activation energy of the
process using L7, as the initial length, Lo 7,,, for the subse-

quent annealing process at temperature 7,1
2_72 2 ~ 72 2 42
AL,=L7,  —Log,., ~ Ly, —L; =A"(Ty1) - At (22)

For correct extraction of activation energy from the tempera-
ture dependence of the square length difference, the silicide
growth during heating to and cooling from the annealing
temperature should be considered. The increase of the silicide
intrusion length during heating/cooling with the rate a from
Tp to T,41, can be evaluated with the following expression:

At
E
L2 —L2 = Az/ —— |dt
O,Tn-H T 0 eXp k(T() +at)
0

At
Eat
= AX(T, — ——  \dt
( O)/eXp[kTo(ToJrat)}
0

kT? Ea At TE
~ AX(Ty) =2 —1- | —
(T0) 4 [CXP( kT2 ) \ 4k To
a At E
xerf\ —. —=
To \ kTy

where At = (T,+1 — Tp)/a is the whole heating time. The
activation energy of the diffusion process, E, can be found
by the iteration procedure described in detail in [12]. The
resulting activation energy averaged over the examined NWs
is E = 1.45+£0.11 eV. This activation energy is typical for
nickel silicide growth in thin films controlled by interface and
grain boundary diffusion processes [25]-[28].

(23)

A. Possible Instabilities of Two-Phase
Nickel Silicide Intrusions

The sign of the flux JI\I}IiiSi (9) is determined by the difference
of the chemical potentials
_ SoQures — p2) + (qo + 1) po(treac — 12)
fo+ (qo+11)(po+1/12)

As stated before, the chemical potentials fires, Ureac, and w2
depend on the surface curvature [20]

H1— K2 (24)

Ures = HUreso + 7 Q/Rl
Hreac = [reaco + 7 Q/Ry

U2 = 20+ yQ/Ry (25)

where y is the surface energy per unit area. If yreac < 2 (can
be possible due to the curvature term), the difference (u1 — u2)
decreases with an increase of the nickel-rich silicide length, /1,
and reaches zero at a critical value

Jerit — (@) Hreso — 20 — Y QAR/R1 R B
: D0/ 120 — Hreaco + Y QAR/R1 Ry

(26)
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For [; > lfﬁt, the flux JI\I}?Si reverses its direction, and the
nickel atoms are transferred from the NiSi to the Ni-rich
part of intrusion. The critical value lfm can be estimated
assuming fo = 1, ptreso — 20 ~ kgT >> yQAR/R| Ry,
and | (20 — freac| << Yy QAR/R1R>, and using typical values
of y =2Jm?, Q=12-107% m?, kpT =9.29-1072! J,
Ry =12 nm, and R, = 10 nm (AR = R| — R»)

I§" ~ kpT RiR2/poy QAR — qo == 30/po — qo.  (262)

This length can vary over a wide range of values depending
on the parameters of (5) (incorporated in parameter pg) and
on the supply of Ni atoms from reservoir (parameter gg). For
example, for po = qo = 1, lfﬁt = 29. It should be noted that
the flux Jlﬁgt does not change its direction since the difference
of chemical potentials, ug— w1, remains positive for all values
of [;

(,Ures - ,UZ) + pOZZ(,Ures - ,Ureac)
Jola/ ) + (1 +qo/L)(pola + 1)

no— p1 = 27)

B. Local Thickening: Formation of Rings and Pea-Like Bulges

Experimentally, we observe that the first anneal cycle
resulted in the formation of two-phase silicide intru-
sion consisting of two segments with different radii
[Figs. 1(a) and (b) and 3(a)]. Repeated anneals are often
resulting in local thickening of the intrusion with formation
of periodic rings and pea-like bulges [16]-[20]. Annealing at
comparatively low temperatures (during heating and cooling in
the temperature range 350 °C—400 °C) may cause evolution of
the intrusion in the NizSi/Ni-Si boundary region: the critical
length, lfm, decreases with temperature [mainly due to the
increase of pg ~ Lreac/L2; see (23)]. As a result, the length, /1,
achieved in the previous annealing cycle may exceed the
critical value, lfﬁt, and the flux of Ni atoms along the NiSi
part of the intrusion reverses its direction. Hence, the net flux
of atoms along the NiSi part becomes negative since the flux
of Si atoms is always directed from the silicon part toward the
nickel pad. This phenomenon 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 a process can be
seen, for example, in Fig. 3(a). The Ni atoms diffuse from the
Ni pad, reach the Ni»Si/NiSi boundary region, and accumulate
there in the region of the minimal chemical potential, uj.
To evaluate possible thickening of the NiySi/NiSi boundary
region, one can estimate the number of additional Ni atoms
reaching this region for the case fo = pp = go = 1 and [y,
h>>1

AN Ho — 1 M2 — K1
— =L L
A7 1 L s1+ L2 S S1
— — Al
~ L Mres ,ureacs1 +£2ﬂ2 HMreac 51 (28)
Ly Lo I

where Al =11 — lfﬁt. Using the following expressions for the
kinetic coefficients:

Li = Dijci/kpTQ, (Dji, and ¢; are the surface diffusion
coefficient and average dimensionless Ni concentration on
segment i of the intrusion (i = 1, 2), respectively) together
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with (25), resulting in

AN 0
_w_[m

_ Qe AR
=y p,r2 . (28a)
Al Q

LWL R

Assuming thickening in the shape of a torus with an annulus
of Ar, the additional volume can be written as AV = ANQ =
m2R1(Ar)?. Thus, the thickening Ar can be estimated as

- 12
20 Ac D> yQ licy AR
Ar~{ —DiIAt— |1+ —"— —— — . (29

" [ﬂRl ! I |: +D1 kT I, Ac R%i” 29)

For D| = Dy = 4107 m?s~!, At = 30s, 6 = 0.5 nm,
li, = 40, 1, = 10, Ry = 15 nm, AR = 2 nm, and
yQ/kpT = 2.6 nm, one finds Ar ~ 5 nm, which is close
to the typical annulus size of pea-like bulges. Next annealing
at higher temperature (when /1, turns out to be less than the
critical value, lfrit), provides supply of nickel atoms from the
Ni pad, and enables further growth of both parts of the silicide
intrusion phases.

C. Tapering and Dissolution of the Ni-Si Segment

Thickening and formation of rings and bulges in the
NipSi/NiSi boundary region during repeated anneals may
cause substantial decrease of the critical length lfm due to local
increase of AR (23a). In such circumstances, the condition
I >1 fﬁt can be satisfied at higher temperatures, and the flux of
Ni atoms along the NiSi part of intrusion reverses its direction.
In this case, the flux cannot be longer constantly along the NiSi
intrusion, and specifically, at the Si/NiSi interface, the flux
of Ni atoms should be zero (there is no source of Ni atoms
there). The highest atomic flux from the NiSi to the NiySi will
be realized at the Ni-Si/Ni,Si interface where the curvature
gradient is maximal. For /] > lfﬁt, the difference of chemical
potentials, as predicted by (9), can be approximated as follows:

Aly po(fireac — 112) ~ Al y QAR
fot(go+1)(po+1/12) i RiRy~
The corresponding Ni flux determines the rate of dissolution
of the NiSi part of the intrusion. 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 Ni-Si intrusion, JNS! = 27081 Assuming a linear
increase of JgtiSi from zero to 2]{%, the rate of dissolution can
be written as

H1—p2= (30)

ARy _ 5aJ§§gSi _ o5t
dt 0x L>
Al yQO(R; — Ry
- 1—y—3). 31)
lil,  kpTR{R>

Furthermore, let R; and /> be constant, and /| = llCrit +atl/?,
where o = (4D15/R?)1/2 [8], then integration of (28) results
in the following equation:

Rl]nw ~RY+ R,
Ri—RY 7
Ueriet V2 212, 112
:B[z—LJr%“ln(Ha ) 32)
a a crit
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Fig. 10. SiNW with high quality of nickel siliside intrusion contacts and
short channel length [29].

where B = D>Cqy Q&/(kBTR%lz). The time lasting until full
dissolution (when R, = 0) can be found from (32). For the
case, atl/? << lfm, it can be estimated by the expression

3lerit (Rl In R, . R(z))
208 R —R)

For D; = Dy =2-107"%m2s~!, Ry = 15 nm, RY = 13 nm,
d =05nm, a = @4D16/R})'? = 54 s7V2 5 = 30,
C1 =0.67, yQ/kpT = 2 nm, and [, = 10, one can obtain
B ~ 1.0 nm/s and #4is =~ 70 s. Such values of dissolution time
were often observed in our experimental data.

From the practical point of view, these results may assist the
electronic device community to produce high quality of nickel
silicide source and drain contacts with channel length control
capabilities. Fig. 10 presents SEM image of such SINW with
high quality of source and drain nickel silicide intrusion
contacts and extremely short channel length (~67 nm) [29].
For example, formation of peas and the dissolution of NW
segments can be avoided by avoiding thermal cycling of NW.
Several cycles of annealing with periodic cooling and heating
may result in sequential thickening of the nickel-rich part with
formation of rings or pea-like bulges. It can be accompanied
by tapering of the monosilicide part up to its full dissolution
and breaking of the NW. To provide a predominant growth
of the NiSi phase, which has better electrical properties, the
reaction rate at the boundary B1 should be minimized. It can
be possibly achieved by special crystal orientation of SINWs
and sufficiently high temperature of RTA, in which the stability
of the Ni-rich phases is decreased.

2/3

(33)

Idis ~

VI. CONCLUSION

Evolution of nickel silicide intrusions in the NiSi/Si NWs
after a series of RTA cycles at different temperatures of
350 °C—440 °C was analyzed in the framework of a phe-
nomenological model, which considers the balance between
transition of Ni atoms from the Ni reservoir to the NW surface,
diffusion transport of these Ni atoms, and the corresponding
Ni/Si and Ni/nickel silicide reactions. Simultaneous formation
of different nickel silicide phases during RTA was considered.
Linear or square root-type growth kinetics of each silicide
and of the total silicide intrusion length can be realized
depending on both the contact window parameter (w) and the
relative rate of Ni-rich silicide formation. A square root time
dependence of the total intrusion length confirms the diffusion-
controlled process. The NW curvature gradients appearing due
to different radii of different silicides may play a substantial
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role in tapering and dissolution of monosilicide segment of
the intrusion. Subsequent annealing cycles of the samples
at different temperatures revealed Arrhenius-type temperature
behavior of the square of the intrusion length with an activation
energy of 1.45 £ 0.11 eV, which is typical for diffusion of
Ni along the nickel silicide surface or nickel silicide/SiO2
interface. Thermal cycling resulted in sequential thickening
of the 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. For a certain set of parameters, our
model predicts the formation of the pea-like profile on the
nickel-rich silicide surface, and tapering and dissolution of
the monosilicide part of intrusion, similar to the experimental
results.
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