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1. 1. 1. 1. IntroductıonIntroductıonIntroductıonIntroductıon    

    

Quasi-one-dimensional semiconducting structures have been recently studied as 

potential candidates for electronic applications. Semiconducting nanowires (NW) 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 reservoirs located at both ends of the NWs. 

However, the formation of a precisely controlled nanostructure remains one of the most 

challenging problems in nanotechnology today.    

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 Ni2Si 

at 300 – 400 °C are inconsistent with observable nickel silicide intrusion lengths. The 

experimental results published so far show a distinct dependence of nickel silicide intrusion 

length on the silicon NW diameter [3], which is indicative of a surface diffusion or a surface 

reaction controlled process. 

The kinetics of nickel silicide    growth in Si NWs found by different authors [3 – 13] 

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 [5] to ∼ 4 nm / s at 450 °C [9] and 

∼ 5 nm / s at 420 °C [10]). Kinetic analysis of nickel silicide formation through point contact 

reaction between Si and Ni nanowires in the 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 nickel diffusion through the silicon part of the NW (1.25 eV) and for 

diffusion through the nickel silicide phase (1.7 eV). 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 accompanied 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 
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<112> and <111> directions. For <112> oriented SiNWs, growth of the θ-Ni2Si phase exhibited 

parabolic kinetics with activation energy of 1.45 ± 0.07 eV / atom. In the case of <111> 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]. Square root time dependence of the total 

silicide intrusion length was found by Ogata et al. [10] 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. [10] 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 – 440 °C [11]. Subsequent anneals 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 [11]. Transition 

from linear to parabolic growth of nickel silicides in SiNWs was analyzed by Yaish et al. [12]. 

The linear regime can be realized when transition of Ni atoms from the Ni reservoir towards 

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 realized 

in many cases [12]. Analysis of published experimental results [14] 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. 

The axial intrusion consists usually of different nickel silicides which 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 [15]. The growth is 

often accompanied by local thickening and tapering of the silicide NW [16 – 20], up to full 

disintegration of a NW segment adjacent to Si. Up 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 the model, taking 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 silicides and nickel 

silicide / Si interface, and corresponding reactions of Ni atoms with Si and the nickel silicides 

formed [15]. 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 latters 

are connected with the presence of two or more different nickel silicide phases along the 

intrusion segment [19, 20]. In order to understand what processes actually control the nickel 

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 we analyzed the experimental results on time and temperature 

dependencies and possible instability of two-phase nickel silicide intrusions in <110> and <112> 

oriented SiNWs for a temperature range of 300 – 440 °C and nanowire diameters of 30 – 60 nm 

obtained previously in our laboratory [11, 12, 19, 20]. 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. Quantitative agreement between experiments and theory was obtained and 

discussed. 
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2. 2. 2. 2. Experımental detaılsExperımental detaılsExperımental detaılsExperımental detaıls    
    

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 

catalyst [21, 22]. Typical diameters of NWs grown in the <112> and <110> directions were 

35 − 60 nm and 25 – 40 nm, respectively. SiNWs were oxidized at 700 °C by CVD reactor in 

oxygen flow with rate of 200 sccm and pressure of 1 atm. Samples were fabricated by a method 

described previously [11], with the lone exception being that the SiNWs were randomly 

dispensed from an ethanol suspension onto a sacrificial 150 nm-thick PMMA resist layer 

(deposited on the Si3N4 / Si substrate) which allowed    to obtain a suspended SiNW structure. In 

order to form nickel silicide/silicon contacts, a series of anneals of the Ni/SiNW sample were 

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 rapid thermal annealing (RTA) machine in a nitrogen 

atmosphere and included heating to (and cooling from) the annealing temperature with the rate 

of 1 °C / s. After every annealing, the silicide intrusions were investigated by high resolution 

scanning electron microscopy (HRSEM) and atomic force microscopy (AFM). 

    

3. 3. 3. 3. Maın experımental resultsMaın experımental resultsMaın experımental resultsMaın experımental results    
    

The axial nickel silicide intrusions were formed as a result of a series of subsequent 

anneals at 420 and 440 °C. Simultaneous growth of two nickel silicides in SiNWs was observed 

in a number of works [11, 12, 15]. The typical results obtained in our laboratory are presented 

in FigFigFigFiguresuresuresures    1111    ––––    6666. Two-phase nickel silicide intrusions with different thickness of particular 

intrusion segments are shown in FigFigFigFigureureureure    1111. Time evolution of intrusion length in different 

SiNWs at 420 and 440 °C are presented in FigFigFigFigureureureure    2222. 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 FigFigFigFigureureureure    3333. 
 

   
 

FigFigFigFigureureureure    1.1.1.1. Two-phase nickel silicide intrusions in SiNWs after different rapid TA. 
 

 
FigFigFigFigureureureure    2.2.2.2. HRSEM micrographs of SiNWs with Ni-silicide intrusions formed 

during rapid thermal annealing (RTA) for different times at 420 (a) and 440 °C (b). 
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FigFigFigFigureureureure    3.3.3.3. HRSEM images of SiNW covered by 140 nm Ni / 2 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. 

 

 

 
 

FigFigFigFigureureureure    4444.... 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). 

 

 

 
 

FigFigFigFigureureureure    5.5.5.5. HRSEM image of Ni / SiNW structure after thermal annealing 

at 420 °C for 1 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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FigFigFigFigureureureure    6.6.6.6. HRSEM images of the a 52 nm-thick Ni / SiNW structure as a result 

of TA at 420 °C for 15 s (a), followed by two subsequent anneals each at 

440 °C or 5 s (b); (c) magnification of the dissolved NW section in (b). (The 

NW integrity is apparently kept here by a 5 nm-thick thermal oxide shell). 

    

The morphological peculiarities of the silicide intrusions observed sometimes as alternate 

thickening (pea- and ring-like structures, FigFigFigFigureureureure    4444), and tapering of the NW segments 

(FigFigFigFigureureureure    5555). In some instances the NW tapering continued up to full dissolution / disintegration 

of the silicide segment adjacent to the Si NW (FigFigFigFiguresuresuresures    6666bbbb and cccc). 

    

    

4. 4. 4. 4. Theoretıcal modelTheoretıcal modelTheoretıcal modelTheoretıcal model    

    

Simultaneous growth of several nickel silicides in Si nanowires (SiNWs) is controlled by 

some sequential processes: (a) transition of Ni atoms from the e-gun deposited Ni reservoir 

through an intermediate contact layer (formed by Si oxides or another contamination of the Si 

surface before Ni deposition) to the silicon or the nickel silicide surface; (b) diffusion transport 

of these Ni atoms from the contact area to the reaction interfaces; (c) reaction of Ni atoms with 

Si or nickel silicides at the reaction interfaces resulting in the growth of different nickel silicides 

(FigFigFigFigureureureure    7777). 

 

 
 

FigureFigureFigureFigure    7.7.7.7. Evolution of nickel silicide intrusion during RTA, schematic diagram. 
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Experimentally observed 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. In the model considered below, the Si atoms diffuse along the NiSi 

surface, reach the boundary NiSi / Ni1+x Si (x > 0) and react there with the Ni atoms arriving this 

boundary from the Ni source to form a new portion of Ni1+x Si phase (FigFigFigFigureureureure    7777). Without loss of 

generality,    we use x = 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, cons : 

con
res

trcon s
h

J 0µµ −
Λ−= ,         (1) 

where trΛ  is the kinetic coefficient for transition of Ni from the reservoir to the silicide surface, 

resµ  and µ0 are the Ni chemical potentials  in the Ni reservoir and on the intrusion surface near 

the Ni source,  respectively. This flux is equal to the total flux of nickel atoms, tot

NiJ , diffusing 

then along the nickel-rich silicide surface: 

 con

tot

Ni JJ = .           (2) 

The total flux of nickel atoms arriving the Ni2Si / NiSi boundary (B1) can be divided into 

three parts: 
)2()1(

NiNi

NiSi

Ni

tot

Ni JJJJ ++= ,         (3) 

where )1(

NiJ  and )2(

NiJ  are the fluxes of Ni atoms reacting with Si atoms arriving this boundary and 

with NiSi phase, respectively. NiSi

NiJ  is the flux of nickel atoms that diffuse along NiSi surface and 

reach the NiSi / Si boundary (B2). The corresponding reactions at boundary B1 can be written as 

follows: 

 2 Ni + Si → Ni2Si   (B1)       (4) 

 Ni + NiSi → Ni2Si   (B1)       (5) 

 Ni + Si → NiSi   (B2)       (6) 

The reaction (4) is provided by supply of Si atoms along the NiSi surface by the flux NiSi

NiJ . 

Assuming NiSi

Ni

NiSi

Ni JJ θ=  and NiSi

SiNi JJ 2
)1( = , Eq. (3) can be rewritten: 

)2(
)21( Ni

NiSi

Ni

tot

Ni JJJ ++= θ .         (7) 

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

1

1

10
1 s

L
J

tot

Ni

µµ −
Λ= ,          (8) 

2

1

21
2 s

L
J

NiSi

Ni

µµ −
Λ= ,          (9) 

where 1Λ  and 2Λ  are the kinetic coefficients along the Ni2Si and NiSi segments of intrusion,  

1L  and 2L  are the lengths of Ni2Si and NiSi segments, 1µ  and 2µ  are the Ni chemical potentials 

at the Ni2Si / NiSi boundary (B1), and at the NiSi / Si boundary (B2), respectively. δπ 11 2 Rs = , 

and δπ 22 2 Rs = , where δ  is the diffusion surface layer thickness. The reaction flux )2(

NiJ  can be 

written by analogy to the fluxes (8) and (9): 

 reac
reac

reacNi s
R

J
1

1)2( µµ −
Λ= ,         (10) 

where reacL  is the kinetic coefficient of reaction (5) and reacµ  is the chemical potential of Ni 

atoms at the NiSi / Ni2Si interface (B1) after reaction. 
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Using Eqs. (1, 7 – 10) one can find the values of µ0 and  µ1 as functions of resµ , reacµ , 2µ  

and of dimensionless intrusion lengths 111 / RLl =  and 122 / RLl = : 

01

101
0

ql

ql res

+

+
=

µµ
µ ,          (11) 

)1)((

))((

201020

2021020
1

+++

+++
=

lplqlf

lplqlf reacres µµµ
µ ,       (12) 

where )21(/ 22110 θ+= sLsLf , 1110 / RsLhsLq contr= , and 220 / sLsLp reacreac= . When the fluxes of 

nickel, described by Eqs. (8) and (9), are directed from the Ni reservoir to the silicon part of the 

NW (“positive” direction), the silicide intrusions, 1l  and 2l , grow with different kinetics, from 

linear to parabolic, depending on kinetic, geometric and contact parameters. 

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

corresponding fluxes: 

)(
3

)(
)2( )2(

2

1

1)2(

3

1

11 NiSi

NiNi

NiSi

SiNi JJ
R

xJJ
Rx

x

dt

dL
θ

ππ
+

Ω
=+

Ω+
= .      (13) 

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

reaction (5) at the intersilicide interface: 

 )2(

2

2

2

3

2

22 )2(2
Ni

NiSi

Ni J
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x
J

Rdt

dL

ππ

Ω+
−

Ω
= .        (14) 

In the dimensionless form it can be rewritten as follows: 
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where 2

111 / RkTtΩΛ=τ , 12 / ΩΩ=ν , and kTii /µµ ≡ . 

It should be noted that for zero initial values 00

1 =l
 
and 00

2 =l , a solution of the equation 

system (15) and(16) satisfying the following initial conditions has to be found: 

01 =l ,  
)(

/)()1)((

0

00220
22

reacres

resreac

f

pfq
ll

µµ

θµµθµµ

−

−−−−
≡≤ ,             (17a) 

02 =l ,  0=t ,                   (17b) 

The first condition corresponds to the requirement 20211 /)( lpreac µµθµµ −−>  providing 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 2l . If 0=θ , the requirement (17a) simply provides reaction (5) as has been found in [14]. 

Introducing the contact “window”: hssw con 1/δ≡  and dimensionless parameters 

δ/11 Rr = , δ/22 Rr = , 1212 / LLd = , 11 / LLd trtr = , and 11 / LLd reacreac = , one can write 

12210 )1/( drrf θ+≡ , wdrq tr110 /1≡ , and 122110 / drwdrp reac≡ . 

The system of Eqs. (13) and (14) was solved numerically for different parameters resµ , 

reacµ , 2µ , θ , 1r , 2r , ν , 12d , trd1  and reacd1 . Typical solutions shown in FigFigFigFigureureureure    8888 demonstrate 

possible dominant growth of one of two phases. 
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FigFigFigFigureureureure    8.8.8.8. Calculated dimensionless nickel silicide lengths for different kinetic 

and geometrical parameters: (a, b) – square root like and (c, d) linear-like 

dependencies with dominant growth of mono- (b, d) or  Ni-rich silicide (a, c). 

  

In two limiting cases: (1) 02 =L  and (2) 0=reacL , 0=θ  – only one silicide phase grows 

(Ni-rich or NiSi, respectively). In these cases the system of Eqs. (13) and (14) is reduced to one 

equation 

ii

resii

qlr

n

d

dl

+

−
= 2µµ

τ
          (18)

 
with the following solution: 

 iiii qqll −++= 2

0 )(τα ,         (19) 

where iiresi rn /)(2 2µµα −=  and wrq itrii ΛΛ= / , =i 1 or 2 for the two limiting cases mentioned 

above. Eq. (18) is similar to the relationship obtained earlier for the case of one nickel silicide 

growth [8]. The dependence )(τil , Eq. (18), is linear-like for experimental times: 

 iicrit ql αττ /)(
2

0 +≡<< .         (20) 

Such a case may be realized for sufficiently small contact “windows”, w , and can be referred to 

as “contact” growth regime. In the opposite case, critττ >> , the dependence )(τil  is square root-

like, and the silicide growth is diffusion controlled. 

 

 

5. 5. 5. 5. Analysıs of experımental resultsAnalysıs of experımental resultsAnalysıs of experımental resultsAnalysıs of experımental results    

 

The silicide intrusions were obtained by annealing of SiNWs for different temperatures 

and times as described in [12]. Examples of linear and square root-like time dependences 

observed    for    the Ni-rich part and NiSi    part of intrusions at    420 and 440 °C are presented in 

FigFigFigFigureureureure    9999. 
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FigFigFigFigureureureure    9.9.9.9. Typical kinetics of total and particular silicide intrusion lengths; dots are 

experimental values [12], solid lines are calculated with parameters given in TableTableTableTable    1111. 

 

TableTableTableTable    1.1.1.1. Fitting parameters used in the calculation of particular silicide intrusion lengths. 

  

 T , °C 01l  02l  w , 10–3 
21d  reacd1  trd1  1r  2r  C  

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 0.51 

T18 440 6.7 6.5 0.43 2.7 0.2 1 36 30 0.50 

 

The experimental results are well described by Eqs. (15, 16) with the corresponding 

parameters mentioned in TableTableTableTable    1111. It should be noted that preliminary heating of SiNWs to 

400 °C, exposure at this temperature followed by slow heating to 420 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 01l  and 02l . 

Substantial growth of NiSi at 420°C and 440°C as compared to the dominant growth of 

Ni-rich silicides at lower temperatures (usually 0201 ll > ) is indicative of relatively lower rates of 

reactions (4) and (5) at higher temperatures. Surface diffusion coefficients along Ni-rich silicide 

can be evaluated as 5 ⋅ 10–14 m2 / s at 420 °C and 1 ⋅ 10–13 m2 / s at 440 °C. The diffusion 

coefficient along the monosilicide surface is of the same order at 420 °C ( =21d 1), but of about 3 

times higher at 440 °C ( =21d 2.7). For sample N1, the critical time, =critτ 1.5 ⋅ 103, Eq. (20), the 

growth occurs mainly at critττ > , and the time dependence of the total intrusion length is 

square root-like; the same is true for the NiSi part, but the Ni-rich silicide part grows almost 

linearly, due to a low reaction rate, 1rd . For sample T11, the “window” value, =w 0.1, is 

sufficiently high, =critτ 140, and the growth occurs in the diffusion controlled regime for both 

parts of the intrusion. For sample T18, the contact “window” is small,
 

=w 4.3 ⋅ 10–4, the 

experimental times =< critττ 7.3 ⋅ 104, 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, trd1 , at the Ni1+x Si / NiSi interface. 

In general case, square root time dependence can be realized for the total silicide length (in the 

diffusion controlled regime), while particular silicides may have different kinetics (square root, 

linear or intermediate) depending on the reaction rate of the silicide transformations. In this 

case, assuming close values of diffusion coefficients of Ni along different silicide / SiO2 interfaces, 

or, at least, their close activation energies, the total silicide length can be well described by the 

simplified dependence 
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22

0

2

0

2 δ
.    (21) 

Analysis of temperature dependence of the square length increase, 2

nL∆ , after RTAs at 

subsequent temperatures, nT  and 1+nT , each for 30 s, allows evaluating the activation energy of 

the process by using 
nTL  as the initial length, 

1,0 +nTL , for the subsequent anneal at temperature 

1+nT : 

 tTALLLLL nTTTTn nnnn
∆=−≈−≡∆ ++++

)( 1
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,0

22

111
,      (22) 

Such analysis should take into account the silicide growth during heating to and cooling from 

the annealing temperature. The increase of the silicide intrusion length during heating / cooling 

with the rate α from 0T  to 1+nT , can be evaluated with the following expression: 
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where α/)( 01 TTt n −=∆ +  is the heating time. The activation energy of the diffusion process, E, 

can be found by the iteration procedure described in detail in [9]. The 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 film silicide reactions controlled by interface and grain boundary 

diffusion processes [23 – 26]. 

 

5.1. Possible 5.1. Possible 5.1. Possible 5.1. Possible iiiinstabilities of nstabilities of nstabilities of nstabilities of ttttwowowowo----pppphase hase hase hase nnnnickel ickel ickel ickel ssssilicide ilicide ilicide ilicide iiiintrusions ntrusions ntrusions ntrusions     

    

The sign of the flux NiSi

NiJ , Eq. (9), is determined by the difference of the chemical 

potentials: 

)/1)((

))(()(

20100

210020
21

lplqf

lqpf reacres

+++

−++−
=−

µµµµ
µµ .      (24) 

As stated before, the chemical potentials resµ , reacµ , and 2µ  depend on the surface curvature 

[18]: 

 10 / Rresres Ω+= γµµ ,  10 / Rreacreac Ω+= γµµ , 2202 / Rs Ω+= γµµ ,  (25)                                                               

where γ  is the surface energy. If 2µµ <reac  (can be possible due to the curvature term), the 

difference 21 µµ −  decreases with increasing of the nickel-rich silicide length, 1l , and reaches 

zero at a critical value: 
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For values critll 11 > , the flux NiSi

NiJ  reverses its direction, and the nickel atoms are transferred 

from the NiSi to the Ni-rich part of intrusion. The critical value critl1  
can be estimated assuming 

10 =f , 21200 / RRRkTres Ω∆>>≈− γµµ  and 2120 /|| RRRreac Ω∆<<− γµµ  and using typical values 

=γ 2 J / m2, =Ω 1.2 ⋅ 10–29 m3, =kT 9.29 ⋅ 10–21 J, =1R 12 nm, =2R 10 nm: 
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This length can vary over a wide range of values depending on parameters of reaction (5) 

(incorporated in parameter 0p ) and on supply of Ni atoms from reservoir (parameter 0q ). For 

example, for 100 == qp , =critl1 29. It should be noted that the flux tot

NiJ  does not change its 

direction since the difference of chemical potentials, 10 µµ − , remains positive for all values of 

1l : 
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+++
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5.2. Local 5.2. Local 5.2. Local 5.2. Local tttthickening: hickening: hickening: hickening: fffformation of ormation of ormation of ormation of rrrrings and ings and ings and ings and ppppeaeaeaea----like like like like bbbbulgesulgesulgesulges    

    

As it was found, first anneals resulted in formation of two-phase silicide intrusion 

consisted of two segments with different radii (Figures 1aFigures 1aFigures 1aFigures 1a, bbbb, and 3a3a3a3a). Repeated anneals are 

often resulted in local thickening of the intrusion with formation of periodic rings and pea-like 

bulges. Annealing at comparatively low temperatures (during heating and cooling in the 

temperature range 350 – 400 °C) may cause evolution of the intrusion in the Ni2Si / NiSi 

boundary region: the critical length, critl1 , decreases with temperature (mainly, due to increase 

of 20 /~ LLp reac , Eq. (23)). As a result, the length 1l , achieved in a previous annealing may 

exceed the critical value, critl1 , Then, the flux of Ni atoms along the NiSi part of intrusion 

reverses its direction, and the net flux of atoms along the NiSi part becomes negative, since the 

flux of Si atoms is always directed from Si towards the nickel pad. It provides dissolution of the 

NiSi phase and thinning of its segment adjacent to the Ni2Si and thickening of the latter. The 

result of such process can be seen, for example, in FFFFigureigureigureigure    3a3a3a3a. The Ni atoms diffusing from the Ni 

pad reach the Ni2Si / NiSi boundary region and accumulate here, in the region of the minimal 

chemical potential, 1µ . In order to evaluate possible thickening of the Ni2Si / NiSi boundary 

region, one can estimate the number of additional Ni atoms reaching this region for the case 

1000 === qpf  and 1l , 12 >>l : 
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where critlll 11 −=∆ . Using the following expressions for kinetic coefficients: Ω=Λ kTcD ii /1 , 

where iD  and ic  are the surface diffusion coefficient and average Ni concentration on segment 

i  of intrusion ( =i 1, 2) and Eqs. (25), one can obtain: 
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Assuming thickening in the shape of torus with the tube radius r∆ , additional volume can be 

written as 2

1

2 )( rRNV ∆=Ω∆=∆ π . The thickening r∆  can be estimated as 
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For == 21 DD 4 · 10–15 m2 / s, =∆t 30 s, =δ 0.5 nm, =1l 40, =2l 10, =1R 15 nm, =∆R 2 nm, and 

=Ω kT/γ 2.6 nm, one can obtain ≈∆r 5 nm, that is close to real size of  pea-like bulges. 



FFFFormatıon and evolutıon of nıckel sılıcıdes ın sılıcon nanowıresormatıon and evolutıon of nıckel sılıcıdes ın sılıcon nanowıresormatıon and evolutıon of nıckel sılıcıdes ın sılıcon nanowıresormatıon and evolutıon of nıckel sılıcıdes ın sılıcon nanowıres....    

 

150150150150    
 

Next annealing at higher temperature (when 1l , turns out to be less than the critical 

value, critl1 ), providing supply of nickel atoms from the Ni pad causes further growth of both 

parts of the silicide intrusion. 

 

5.3. Tapering and 5.3. Tapering and 5.3. Tapering and 5.3. Tapering and ddddissolution of the NiSi issolution of the NiSi issolution of the NiSi issolution of the NiSi ssssegmentegmentegmentegment    

 

Thickening and formation of rings and bulges in the Ni2Si / NiSi boundary region during 

repeated anneals may cause substantial decrease of the critical length critl1  due to local increase 

of R∆  (see Eq. (23a)). By this way the condition critll 11 >  can be met at higher temperature, and 

the flux of Ni atoms along the NiSi part of intrusion reverses its direction. In this case the flux 

cannot be longer constant along the NiSi intrusion. At the Si / NiSi interface the flux of Ni 

atoms should be equal zero (there is no a source of Ni atoms here). Maximum atomic flux from 

the NiSi to the Ni2Si will be realized at the NiSi / Ni2Si interface where the gradient curvature is 

maximal. For critll 11 ≥  the difference of chemical potentials, Eq. (9), can be approximated as 

follows: 
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The corresponding Ni flux determines the rate of dissolution of the NiSi part of 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 NiSi intrusion, NiSi

Ni

NiSi

tot JJ 2= . 

Assuming a linear increase of NiSi

totJ  from zero to m

NiJ2 , the rate of dissolution can be written as: 
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Furthermore, let 1R  and 2l  be constant, and tll crit α+= 11 , where 111 /)/2( RDR δα =  [8], then 

integration of Eq. (28) results in the following equation: 
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where 2

3

112 / lkTRCDB δγΩ= . The time of full dissolution (when 02 =R ) can be found from 

Eq. (32). For the case critlt 1<<α  it can be estimated by the expression: 
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For == 21 DD 2 · 10–14 m2 / s, =1R 15 nm, =0

2R 13 nm, =δ 0.5 nm, == 111 /)/2( RDR δα 5.4 s–1/2, 

=critl 30, =1C 0.67, nm2=Ωγ , =2l 10 one can obtain ≈B 1.0 nm / s and ≈dist 70 s. Such values 

of dissolution time were often observed in the experiments. 

 

    

6. 6. 6. 6. ConclusıonConclusıonConclusıonConclusıon    

 

Evolution of nickel silicide intrusions in the NiSi / Si NWs after a series of rapid thermal 

anneals at different temperatures of 350 – 440 °C was analyzed in the framework of the 

phenomenological model taking into account the balance between transition of Ni atoms from 
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the Ni reservoir to the NW surface, diffusion transport of these Ni atoms and corresponding 

Ni/Si and Ni/nickel silicide reactions. Simultaneous formation of different nickel silicide phases 

during RTA was considered. Linear or square root-like growth kinetics of particular silicides 

and of total silicide intrusion length can be realized depending on both the “contact window” 

value and the relative rate of Ni-rich silicide formation.  A square root time dependence of the 

total intrusion length was indicating of diffusion controlled process. 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. Subsequent anneals 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 typical for diffusion 

of Ni along the nickel silicide surface or nickel silicide / SiO2 interface. 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. For a certain set of model parameters formation of 

the pea-like profile on the nickel-rich silicide surface, tapering and dissolution of the 

monosilicide part of intrusion were obtained. 
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