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ABSTRACT 

Metal silicide formation plays a crucial role in microelectronics, particularly in contact and interconnect 

technologies. Traditional silicide fabrication methods rely on high-temperature annealing, which can lead to 

undesirable effects such as increased surface roughness and poor electrical contact. An alternative approach is 

irradiation-assisted silicide formation, which offers advantages such as lower processing temperatures and 

improved material properties. Understanding the thermal dynamics during irradiation-induced silicide growth 

is essential for optimizing this process. In this study, we present a mathematical model that describes the 

temperature dynamics in an A (metal) - B (silicon) bilayer system under the influence of radiation-induced 

heating during the formation of an AB (metal silicide) compound layer. The model describes heat generation 

rates within three irradiated A, AB, and B layers, each with distinct material properties. In this work, we used 

the nickel-silicon bilayer system as a case study. The result from this study shows that the heat generation rate 

exhibits both linear and parabolic dependencies on layer thickness and temperature change within the nickel 

silicide layer during radiation-induced heating. Furthermore, the model reveals a significant finding: the 

temperature obtained in this study for nickel silicide growth under irradiation is lower than its formation 

temperature under non-irradiation conditions (e.g., conventional heating processes). This result highlights one 

of the key advantages of employing irradiation techniques over non-irradiation methods. Lastly, the results 

also show that the thermal vacancy mechanism is not the dominant atomic transport mechanism during the 

irradiation of the nickel-silicon bilayer system.  

 

Keywords: Heat generation rate, Heat transfer coefficient, Layer thickness, Radiation induced heating,  

Radiation particle, Temperature change 

 

INTRODUCTION 

Experiments have shown the feasibility of compound layer 

formation, particularly at the interfaces of two immiscible 

solid layers, when subjected to low-temperature irradiation 

(Matsuoka et al., 1997; Chakraborty et al., 2005; Agarwal et 

al., 2010; Arranz, and Palacio, 2009; Tamulevičius et al., 

1991; Majni et al., 1982; Jian-Qiang et al., 1989; Boussaa et 

al., 2005; D'Anna et al., 1986). Much of the prior research in 

this area was conducted independently using either heavy or 

light particle beam irradiation. For example, nickel silicide 

was observed at the interface of a nickel/silicon system under 

argon ion irradiation (Matsuoka et al., 1997; Boussaa et al., 

2005), while cobalt silicide formed at the interface of a 

cobalt/silicon system under gold ion irradiation (Chakraborty 

et al., 2005). Additionally, tungsten disilicide was produced 

at the interface of a tungsten/silicon system under gold ion 

irradiation, and vanadium disilicide emerged at the interface 

of a vanadium/silicon system under argon ion irradiation 

(Arranz, and Palacio, 2009). These specific silicides were also 

observed under electron and laser irradiation (Majni et al., 

1982; Wakita et al., 1983).  

These studies reveal that compound layers were primarily 

formed through a cascade mixing process under heavy 

particle irradiation, such as ion irradiation. However, this 

explanation is not directly applicable to light particle 

irradiation, such as electron irradiation, due to the significant 

mass difference between electrons and target atoms. 

In our study, we propose an alternative approach aimed at 

explaining compound layer formation from the perspective of 

radiation-induced processes, which underlie all irradiation 

techniques. Radiation-induced processes encompass a 

number of phenomena, all of which occur within a transient 

time frame during the irradiation period. These processes 

include radiation-induced heating, radiation-induced defect 

generation, radiation-induced excitation and ionization, 

radiation-induced recombination, and annihilation of defects, 

among others. Due to the various processes at play, it remains 

unclear which of them is primarily responsible for the 

formation of compound layers at the interface of an irradiated 

bilayer system, such as a metal-silicon system.  

The radiation-induced processes within the irradiated bilayer 

systems are considered over a time period much greater than 

10-8 seconds. During this time frame, defect reactions due to 

thermal migration are active within the irradiated layers (Was, 

2007). The radiation-induced excitation process gradually 

transforms into heating over this time period. The influence 

of the radiation-induced ionization process on compound 

layer formation within this brief interval is negligible, as a 

vast number of atoms are diffusing almost simultaneously 

within the irradiated layers. Similarly, the influence of 

radiation-induced recombination processes can be 

disregarded over this time frame due to the weak correlation 

resulting from the spatial separation between vacancies and 

interstitial atoms within the irradiated systems (Akintunde 

and Selyshchev, 2016).  

Recombination processes occur on a much longer timescale, 

beyond 10 nanoseconds, compared to the period between 100 

femtoseconds and 10 picoseconds, which is characteristic of 

the displacement cascade phenomenon. As a result, radiation-

induced heating and radiation-induced defect generation 

processes have a more significant impact on the growth of 

compound layers during times greater than 10-8 seconds. 

These two processes are closely associated with thermal 

relaxation and diffusion phenomena within the irradiated 

layer. It is important to note that this investigation focuses on 

low-temperature conditions, as empirical observations have 
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shown that most silicides and other intermetallic compounds 

tend to form at low temperatures (Matsuoka et al., 1997; 

Chakraborty et al., 2005; Agarwal et al., 2010; Arranz, and 

Palacio, 2009; Tamulevičius et al., 1991). 

This study independently examines the role of radiation-

induced heating on atomic diffusion. Specifically, we 

investigate the temperature associated with heating within 

each irradiated layer and consider how this temperature 

facilitates the transport mechanisms of atoms within each 

irradiated layer toward the reaction interface. 

 

Model and Basic Equations 

Suppose that the A and B layers in the A-B bilayer system are 

irradiated by a low-energy particle beam. The energy 

transferred by the radiation particles to the target atoms A and 

B are assumed to be lower than the threshold displacement 

energies in their respective layers. Consequently, this 

interaction does not lead to defect generation in the irradiated 

A and B layers. A substantial portion of the radiation particle 

energy is converted into heat through their interaction with 

both layers. 

However, it is important to note that the heat intensity in each 

irradiated layer is not uniform. The energy deposited in these 

layers varies due generated to differences in particle 

penetration depths and material composition. Consequently, 

both the A and B layers heat up as radiation particles deposit 

energy in them. The thermal vacancies are created and the 

breaking of atomic bonds within the irradiated layers result 

from this heating. 

In response to this thermal energy, A and B atoms diffuse 

from their respective layers through thermal vacancies, 

reaching the reaction interface(s). Here, A-atoms chemically 

react with B- atoms, forming an AB-compound layer. The 

bonds formed in the sublattices of the AB- compound layer 

are distinct from those in the A and B target layers, making 

the AB compound layer inherently different. 

Moreover, the AB-layer also experiences heating due to 

energy deposition by radiation particles. However, the energy 

deposited in the AB-layer differs from that in the A and B 

layers, primarily due to variations in particle penetration 

depth, which is dimensionally distinct from the A and B 

layers. 

Figure 1 illustrates the geometry of the A-B bilayer system 

during radiation-induced heating. The thicknesses of the A, 

AB, and B layers are represented as hA(t), hAB(t), and hB(t), 

with these thicknesses being functions of time t. The 

temperature increases in the A, AB, and B layers due to 

radiation-induced heating are denoted as ΔTA, ΔTAB, and 

ΔTB, respectively. Te, represents the environmental 

temperature of the A-B bilayer system. Furthermore, T1, T2, 

T3, and T4 correspond to temperatures at points X1, X2, X3, 

and X4, respectively, with J1, J2, J3, and J4 representing the 

respective fluxes at these points. 

The heat generation rate, which quantifies the amount of heat 

energy produced per unit volume per unit time, in the A, AB, 

and B layers, is represented as QA, QAB, and QB respectively 

 
Figure 1: Schematic diagram of the A-B bilayer system during radiation induced heating 

 

The equation for the heat distribution in the irradiated layers 

is described as thus:  

cρ
∂T

∂t
 + Q =  η

∂2T

∂X2      (1) 

With the following boundary conditions:  

J1(X1)  =  ξ1(Te − T1)     (2a) 

J1(X2)  =  J2(X2)      (2b) 

J2(X3)  =  J3(X3)      (2c) 

J4(X4)  =  ξ2(T4 − Te)    (2d) 

J(X)  =  − η
dT

dX
 (heat flux equation)   (3) 

where  

𝜉1  is the rate of heat transfer coefficient between the A layer 

and the environment,  

𝜉2  is the rate of heat transfer coefficient between the B layer 

and the environment.  

c , ρ , and η are the specific heat capacity, density, and thermal 

conductivity of the irradiated layers respectively.  

We assume that  𝜉1 = 𝜉2 = ξ (for a simple case).  

The solution of Eqn. (1) is written as follows under a steady 

state condition(i. e.
∂T

∂t
= 0): 

T(X) =
Q

2η
(X2 − X(Xf + Xi) + XiXf)  +  

Tf(X − Xi) +Ti(Xf − X )

Xf − Xi
 

           (4) 

The general equation for the temperature of each interface in 

A-B bilayer system is described by Eqn. (4).  

Equation (4) applies to each irradiated layer in the following 

way:  
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In the A layer (where i = 1 and f = 2), the temperature of each 

interface is expressed as:  

TA(X) =
QA

2ηA
(X2 − X(X2 + X1) + X1X2)  +

 
T2(X − X1) +T1(X2 − X )

X2 − X1
          (5) 

The heat fluxes 𝐽1(X1) and 𝐽1(X2) at points  X1 and X2 along 

the irradiated A layer are obtained respectively as: 

 

𝐽1(X1) = − ηA
dTA

dX
=

QA

2
(X2 − X1)  − 

ηA(T2−T1) 

X2 − X1
      (6) 

𝐽1(X2) = − ηA
dTA

dX
= −

QA

2
(X2 − X1)  − 

ηA(T2−T1) 

X2 − X1
  (7) 

The temperature of each interface in the AB layer (where i = 

2 and f = 3) is given as:  

 

TAB(X) =
QAB

2ηAB
(X2 − X(X3 + X2) + X2X3)  +

 
T3(X − X2) +T2(X3 − X )

X3 − X2
    (8) 

The corresponding heat fluxes 𝐽2(X2) and 𝐽2(X3) along the 

irradiated AB layer at points X2 and X3 in accordance to Eqn. 

(3) are derived as: 

𝐽2(X2) =
QAB

2
(X3 − X2)  −  

ηAB(T3−T2) 

X3 − X2
   (9) 

𝐽2(X3) = −
QAB

2
(X3 − X2)  − 

ηAB(T3−T2) 

X3 − X2
  (10) 

The temperature of each interface in the B layer (where i = 3 

and f = 4) is described by:  

TB(X) =
QB

2ηB
(X2 − X(X4 + X3) +  X3X4)  +

 
T4(X − X3) +T3(X4 − X )

X4 − X3
    (11) 

The heat fluxes 𝐽3(X3) and 𝐽4(X4) along the irradiated B 

layer, in accordance to Eqn. (3), at points X3 and X4 are 

respectively obtained as: 

𝐽3(X3) =
QB

2
(X4 − X3)  − 

ηB(T4−T3) 

X4 − X3
    (12) 

𝐽4(X4) = −
QB

2
(X4 − X3)  −  

ηB(T4−T3) 

X4 − X3
   (13) 

To solve for temperature rise ∆TA, ∆TAB, and ∆TB we apply 

the boundary conditions in  

Eqns. (2a) - (2d) to Eqns. (5), (8) and (11). 

By replacing 𝐽1(X1), 𝐽1(X2), 𝐽2(X2),  𝐽2(X3),  𝐽3(X3) and 

 𝐽4(X4) by the expressions in Eqns. (6), (7), (9), (10), (12) and 

(13) respectively, the boundary conditions in Eqns. (2a) - (2d) 

become: 

𝜉(𝑇𝑒 − 𝑇1) = 
QA

2
(X2 − X1)  − 

ηA(T2−T1) 

X2 − X1
  (14) 

−
QA

2
(X2 − X1)  −  

ηA(T2−T1) 

X2 − X1
 = 

QAB

2
(X3 − X2)  − 

ηAB(T3−T2) 

X3 − X2
 

     (15) 

−
QAB

2
(X3 − X2)  − 

ηAB(T3−T2) 

X3 − X2
 = 

QB

2
(X4 − X3)  − 

ηB(T4−T3) 

X4 − X3
  

     (16) 

−
QB

2
(X4 − X3)  −  

ηB(T4−T3) 

X4 − X3
 = 𝜉(𝑇4 − 𝑇𝑒)  (17) 

Recall that in Fig. 1 

X2 − X1 = hA,  

X3 − X2 = hAB,   

X4 − X3 = hB, 

T2 − T1 = ∆TA, 

T3 − T2 = ∆TAB, and 

T4 − T3 = ∆TB. 

We rewrite Eqns. (14)-(17) in terms of the symbols of the 

temperature rise and thickness of the irradiated layers:  

𝜉(𝑇𝑒 − 𝑇1) = 
QAhA

2
 −  

ηA∆TA 

hA
    (18) 

−
QAhA

2
 −  

ηA∆TA 

hA
 = 

QABhAB

2
 −  

ηAB∆TAB 

hAB
   (19) 

−
QABhAB

2
 −  

ηAB∆TAB 

hAB
 = 

QBhB

2
 −  

ηB∆TB 

hB
   (20) 

−
QBhB

2
 −  

ηB∆TB 

hB
 = 𝜉(𝑇4 − 𝑇𝑒)   (21) 

We solve Eqns. (18)-(21) simultaneously and the following 

results are obtained for ∆TA, ∆TAB, and ∆TB 

 

∆TA =
I1+I2

I3
       (22) 

where 

𝐼1 = 2hAhABηABηB[2QAhA + QBhB − QABhAB], 

𝐼2 = 𝜉hAhAB[(QAhAB
2 ηB − QBhB

2ηAB) − QAhA(hABηB +

hBηAB)],  and 

𝐼3 =  2ηAB [hABηA(ηB + 𝜉hB) − 𝜉hAηB (
hAB

2 ηA

hAηAB
+

hAηAB

ηA
)].  

∆TAB =
M1+M2

M3
      (23) 

where 

𝑀1 = hABηAηAB[2hABηB(QAhA + QBhB) −
𝜉hAhAB(QABhAB + QBhB)], 

𝑀2 = hAhAB
2 [ηAηAB + 2𝜉hABηB(QABηAB + QAηA) −

𝜉2hABηB(QABhAB + QAhA)], 

and 

𝑀3 = 2hABηAB[ηA(ηABηB + 𝜉hBηAB − 𝜉hABηB) −
𝜉hAηABηB]. 

∆TB =
V1[V2+V3(V4+V5)]+V6

V7
     (24) 

where 

𝑉1 = hBηA + hAB, 

𝑉2 = 2ηB[ηA + 𝜉hB](QABhAB + QAhA), 

𝑉3 = 𝜉hAB, 

𝑉4 = 2ηB[3QAhA + QBhB − 2QABhAB] − 𝜉hA(QABhAB +
QBhB), 

𝑉5 = (QABhAB + QAhA)ηB [1 + 𝜉 (
hAB

ηAB
+

hA

ηA
)], 

𝑉6 = 𝜉hAhABhBηAB[QBhB(2ηB + 𝜉hB) + 2ηB(QABhAB +
2QAhA) − 𝜉QAhAhB], and 

𝑉7 = 2hABηA(2ηB + 𝜉hB)[ηABηB + 𝜉hBηAB − 2𝜉hABηB]. 
The temperature associated with radiation induced heating is 

described by:  

Tirr = Te+ ∆T      (25) 

Two important parameters play a significant role in the 

calculation of radiation-induced heating: the stopping power 

of the radiation particle and its depth of penetration in the 

irradiated layer. For this study, we make the assumption that 

the depth of penetration of radiation particles in each 

irradiated layer is equivalent to the layer's thickness. The 

stopping power of the radiation particle is estimated using the 

expression provided in Eqn. (26). 

It's worth noting that for a compound layer to form at the 

reaction interface during irradiation, the range of the radiation 

particle must be greater than or equal to the thickness of the 

irradiated layer (Attix, 2008). If this condition is not met, no 

compound layer will form at the reaction site. 

In this study, the radiation particle under consideration is an 

ion. The heat generation rate 'Q' within each irradiated layer 

is determined as follows: 

At first, we estimate the stopping power for radiation particles 

in each irradiated layer. The amount of heat energy deposited 

by the radiation particles during the collision process is 

calculated as the product of their stopping power and the 

thickness of the irradiated layer. The quantity 'Q' is then 

determined by the product of the defect generation rate, the 

atomic density of the irradiated layer, the layer thickness, and 

the stopping power of the radiation particles. 

It is worth mentioning that the inclusion of the defect 

generation rate in the equation describing 'Q' is to show that 

the energy intended to create radiation-induced defects is 

instead transformed into heat energy within the irradiated 

layers. 
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The stopping power of the radiation particle in each irradiated 

layer, according to Ziegler and Biersack (1985), is described 

by: 

𝑆𝑝 =
8.462x10−15 𝐴𝑝𝑍𝑡𝑍𝑝𝜃

(𝐴𝑝+𝐴𝑡)(𝑍𝑝
0.23+𝑍𝑡

0.23)
 + 

3.83x10−15 Zp

7
6 ZtEk

0.5

𝐴𝑝
0.5(𝑍𝑝

2
3+𝑍𝑡

2
3)

1.5     (26) 

where  

𝑧𝑡 and 𝑧𝑝  are the atomic numbers of atoms in the irradiated 

layer and radiation particles respectively,  

𝐴𝑡 and 𝐴𝑝 are the corresponding atomic masses of atoms in 

the irradiated layer and radiation particles. 

𝐸𝑘 is the kinetic energy of the radiation particle. 

𝜃 is defined by Swalin (1962) as: 

θ =
Lni

i
   when i > 30 keV 

and 

θ =
Ln[1+1.1383i]

2(i+0.01321i0.21226+0.19593i0.5)
     when i ≤ 30 keV 

where 

i =
32.53AtEk

ZtZp(Ap+At)(𝑍𝑝
0.23+𝑍𝑡

0.23)
      (27) 

The volumetric heat generation rate in the A and B irradiated 

layers is described by:  

𝑄𝐴(𝐵) = 𝑆𝑝ℎ𝐴(𝐵)𝐾𝑛𝐴(𝐵)
0     (28) 

The volumetric heat generation rate in the AB layer is defined 

as:  

𝑄𝐴𝐵 = 𝜐𝐴𝑄𝐴
𝑛𝐴𝐵

𝑛𝐴
0 + 𝜐𝐵𝑄𝐵

𝑛𝐴𝐵

𝑛𝐵
0     (29) 

where 𝜐𝐴 and 𝜐𝐵 are the stoichiometric ratio of A- and B-

atoms respectively; 𝑛𝐴
0, 𝑛𝐵

0 , and 𝑛𝐴𝐵 are densities of A, B and 

AB species in their respective layers; 𝐾 is the defect 

generation rate.   

 

RESULTS AND DISCUSSION 

The volumetric heat generation rate and the corresponding 

temperature rise in each irradiated layer are estimated under 

heavy particle irradiation. The bilayer system under 

consideration is nickel-silicon system. This bilayer system 

produced the same kind of silicide as the one described under 

non-irradiation process in the literature (Bower et al., 1973; 

Whang et al., 1989; Sisodia et al., 2011). 

To determine the temperature rise in the metal layer (A layer), 

we employ Eqn. (22), and for the silicon layer (B layer), Eqn. 

(24) is used for the estimation. As for the temperature rise 

within the silicide layer (AB layer), Eqn. (23) is used. All 

these estimations are done under the consideration of heavy 

particle irradiation. 

The calculations for heat generation rates in both metal and 

silicon layers are obtained using Eqn. (28). For the silicide 

layer under the same irradiation conditions, the heat 

generation rate is determined with Eqn. (29).  

The required data for finding the temperature rise in each 

layer is presented in Table 1. Tables 2 to 4, contain the 

estimated values for stopping power, heat generation rate, and 

temperature rise within each target layer under irradiation. 

 

Table 1: Useful data for the estimation of temperature rise in each irradiated layer in nickel-silicon bilayer system 

Layer  Eexc (eV)  𝛈(W/m.K) 𝛒 (kg/m3)  Z A n(1028 m-3) 

Si 171.20 150.00 2330.00 14.00 28.00 5.00 

Ni 306.30 91.00 8910.00 28.00 58.70 9.14 

Ni2Si     - 18.20 7890.00    - 145.50 3.30 

where Eexc is the mean excitation energy and n is the density of atomic species in the irradiated layer. 

 

Table 2: Heat generation rate and temperature rise in nickel layer at a stopping power of 3.71 x 10-6 J/m 

hA (10-9 m)   QA (1013 J/m3.s)   ∆𝐓𝐀 (10-6 K) 𝐓𝐀
𝐢𝐫𝐫 (K) 

50 1.69 770.00 298 

40 1.35 320.00 298 

30 0.92 135.00 298 

20 0.68 40.00 298 

10 0.13 5.01 298 

0 0.00 0.00 298 

 

Table 3: Heat generation rate and temperature rise in silicon layer at a stopping power of 1.45 x 10-6 J/m 

hB (10-9 m)  QB (1013 J/m3.s)   ∆𝐓𝐁 (10-6 K)  𝐓𝐁
𝐢𝐫𝐫 (K) 

50 5.63 260.00 298 

40 4.22 130.00 298 

30 3.66 57.00 298 

20 1.45 17.00 298 

10 0.23 2.10 298 

0 0.00 0.00 298 

 

Table 4: Heat generation rate and temperature rise in nickel silicide layer 

hAB (10-9 m)  QAB (1013 J/m3.s)   ∆𝐓𝐀𝐁 (10-6 K)  𝐓𝐀𝐁
𝐢𝐫𝐫 (K) 

0 0.00 0.00 298 

10 0.30 2.55 298 

20 0.59 268.00 298 

30 0.88 690.00 298 

40 1.17 1620.00 298 

50 1.47 5020.00 298 
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Prior to the initiation of the irradiation process in the A-B 

bilayer system, the AB-layer was entirely absent. The 

irradiation process commences with the A and B layers, and 

after a short duration, the AB layer begins to form due to a 

chemical interaction between A-atoms and B-atoms. These 

atoms diffuse through a vacancy mechanism to the reaction 

interfaces A/AB and AB/B. As more A and B atoms depart 

from their respective layers, the thickness of both the A and B 

layers decreases in dimension. In contrast, the thickness of the 

AB layer continues to increase dimensionally. This accounts 

for the observed trend in thickness values as shown in Tables 

2 and 3, where the thickness decreases from 50 nm to 0 (zero), 

while Table 4 shows the opposite trend, with thickness 

increasing from 0 (zero) to 50 nm. These thickness values 

were selected arbitrarily; however, they are roughly on the 

same order of magnitude as those referenced in the literature 

(Agarwal et al., 2010; Boussaa et al., 2005; Akintunde and 

Selyshchev, 2016). 

The estimated results on heat generation rates and temperature 

rise of each irradiated layer show that the amount of heat 

produced per unit volume in unit time during the interaction 

of argon ion with the atomic species of each layer is not the 

same as shown in Tables 2 to 4. The reason for the different 

results shown in these Tables can be attributed to the material 

properties and composition of the irradiated layers which are 

different from one layer to another. The material properties of 

the irradiated layer determine the response of the layer to the 

radiation heating. 

The material properties of nickel, silicon, and nickel silicide 

are depicted in Table 1. The density and the atomic number of 

nickel are more than that of silicon. A material with higher 

atomic number and density is expected to interact strongly 

with radiation and absorb more of the radiation energy which 

could lead to higher heating in the material. This explain why 

the temperature rise in irradiated nickel layer is greater than 

that in silicon layer when compared the results in Table 2 with 

those in Table 3 under the same irradiation condition.  

A material with lower thermal conductivity would experience 

higher temperature than the material with higher thermal 

conductivity because it has lower heat transfer ability, and it 

can retain more heat leading to higher temperature rise. This 

also corroborate the results presented in Tables 2 and 3. 

The graphs presented in Figs. 2 and 3 reveal a linear (but non 

uniform) relationship between the heat generation rate and the 

thickness of both the nickel and silicon layers. Interestingly, 

Fig. 4 displays an inverse trend for the nickel silicide layer. 

These graphical representations offer significant insights into 

the distribution of heat within these materials. Notably, they 

suggest that the heat distribution in both the nickel and silicon 

layers is characterized by non-uniformity, while, in contrast, 

the nickel silicide layer exhibits a uniform and consistent 

distribution of heat. 

 

Table 5: The estimation of diffusivities for silicon and nickel during the irradiation process 

Irradiated 

layer 

 𝑬𝒗
𝒎 (eV)  Tirr (K)  𝑫𝒗

𝒊𝒓𝒓 (m2/s) 𝑫𝒕𝒉
𝒊𝒓𝒓 (m2/s) a (10-10 m)     

Si a1.06 298 a1.50 x 10-16 1.72 x 10-49 5.40 

Ni b1.04 298 a2.80 x 10-20 1.60 x 10-49 3.52 

a is obtained from the work of Akintunde and Selyshchev (2016) and b is from the work of Pfeiler (2007) 

 

where 𝐸𝑣
𝑚 is the vacancy migration energy, 𝐷𝑣

𝑖𝑟𝑟 is the 

diffusivity of atoms via radiation induced vacancy 

mechanism, a is the lattice constant, and 𝐷𝑡ℎ
𝑖𝑟𝑟 is the diffusivity 

of atoms via thermal vacancy mechanism. 

𝐷𝑡ℎ
𝑖𝑟𝑟 in Table 5 is estimated based on the Arrhenius equation 

of the form: 

𝐷𝑡ℎ
𝑖𝑟𝑟  =  𝑎2𝑓𝑣𝑒𝑥𝑝 [

−𝐸𝑣
𝑚

𝑘𝑇𝑖𝑟𝑟
]   (30) 

where  

𝑓𝑣 (5 x 10-13 s-1 (Whang et al., 1989)) is the jump frequency 

factor for vacancy and k is the Boltzmann constant (8.617 x 

10-5 eV/K).  

 

 
Figure 2: Heat generation rate as a function of thickness in 

nickel layer 

 
Figure 3: Heat generation rate as a function of thickness in 

the silicon layer 

 

Figs. 5, 6, and 7 reveal a relationship that illustrates the 

parabolic dependency of the heat generation rate on 

temperature variations within the irradiated layers. 

The Irradiation temperature Tirrof nickel silicide in this work 

is obtained by substituting the values of temperature rise in 

Table 4 into Eqn. (25). These results are in good agreement 

with the experimental work of Boussaa et al. (2005). 

Experimentally, as demonstrated by Boussaa et al., it was 

found that nickel silicide forms at room temperature under 

irradiation.  The temperature obtained for each layer, in this 

work, is the same due to the extremely small temperature rise 

in each irradiated layer as shown in Tables 2 to 4. The low 

temperature during the irradiation of metal silicide is one of 

the reasons why irradiation technique is preferred over 

conventional heating method because silicides that are formed 

under irradiation have better electrical properties and 

smoother surfaces than those formed under non-irradiation 

techniques (Agarwal et al., 2010). 
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Figure 4: Heat generation rate as a function of thickness in 

nickel silicide layer 

 
Figure 5: Heat generation rate as a parabolic function of 

change in temperature in nickel layer 

 
Figure 6: Heat generation rate as a function of temperature 

change in silicon layer 

 
Figure 7: Heat generation rate as a function of temperature 

change in nickel silicide layer 

 

The results in Table 5 highlight a notable disparity: the 

irradiation temperature, as determined in this study, appears 

inadequate to explain the diffusivity of atomic species falling 

within the order of magnitude that range between 10-16 and 

10-20 m2/s, as previously reported by Murarka (2012).  

It's worth noting that this range of diffusivity is crucial, 

representing the interdiffusion coefficients required for the 

growth of silicide layers at the interfaces of metal-silicon 

systems. 

Remarkably, the result from our prior research, in the 

literature (Akintunde and Selyshchev, 2016), aligns 

remarkably well with the diffusivity range mentioned in the 

work reported by Murarka (2012). This congruence suggests 

a significant implication: during the irradiation process, 

atomic species within each irradiated layer exhibit substantial 

diffusion through radiation-induced vacancies, as opposed to 

thermal vacancies, as they move to the reaction interface, 

where the formation of metal silicide primarily occurs.  

Based on the results reported here, one can conclude that the 

thermal vacancy mechanism is not the dominant atomic 

transport mechanism during the irradiation of the nickel-

silicon bilayer system.  

An intriguing point of comparison emerges when considering 

the temperature at which nickel silicide forms under non-

irradiation conditions, as observed in experimental work, 

which stands at 473 K (Murarka, 2012). This temperature 

surpasses the value obtained in our current study.  

 

 

CONCLUSION 

In this study, we have developed a mathematical model that 

explain the distribution of heat and the corresponding 

temperature rise within irradiated layers, using the nickel-

silicon bilayer system as a case study. Our investigation 

reveals that the temperature increase in each irradiated layer 

is not uniform, primarily due to the distinct material properties 

of these layers. This disparity in temperature rise can be 

attributed to the different heat generation rates observed in the 

irradiated layers. This difference arises from the distinct 

responses of materials to heating under irradiation, a response 

which is as a result of the unique properties inherent in each 

irradiated material. Notably, our results indicate a significant 

finding: a linear relationship exists between the heat 

generation rate of a nickel silicide layer and its thickness. This 

suggest that heat is uniformly distributed in nickel silicide 

layer during irradiation. Furthermore, we establish that the 

irradiation temperature required for silicide formation is 

lower than that of the conventional heating methods. This is 

one of the key reasons for the preference of irradiation 

techniques over non-irradiation methods. 

In practical terms, the silicides produced through irradiation 

techniques exhibit superior electrical properties and smoother 

surface characteristics when compared to those formed 

through conventional heating processes. The results also show 

that the thermal vacancy mechanism is not the dominant 

atomic transport mechanism during the irradiation of the 

nickel-silicon bilayer system.  
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