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Abstract: Displacement effects induced by low-energy ion irradiation in silicon have been inves-

tigated theoretically. Instantaneous energy of an incident ion during its slowing-down process has 

been obtained as a function of the penetration depth and the ordinal number of displacement col-

lisions by solving a set of integral equations. From these results, the averaged penetration depth 

as a function of the ordinal number of displacement collisions is estimated. The mean free path 

of the incident ion at a specific depth in silicon is also estimated for several initial energy values 

and ion species. The energy transfer rate into atomic displacement collisions and the density of 

deposited energy in a collision cascade have been evaluated considering the primary knock-on pro-

cess. The damaged layer thickness obtained by the experiment of the ion-bombardment-enhanced 

selective etching of silicon crystals shows a good agreement with the depth where the estimated 

density of deposited energy takes a constant value. 
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 1. Introduction 

 As the ULSI processing technology advances, the 

energy of ions utilized in the process becomes lower 

to fabricate very fine structures precisely. Ener-

getic ions deposit their energy to the target atom 
nuclei and electrons during the stopping process. 

The dominant energy loss process in solids for 

low-energy ions is the nuclear stopping, while for 

medium or high energy ions, the electronic stop-

ping matches with the nuclear stopping. Thus the 

effects induced by the irradiation of low-energy ions 

can be different from that of higher energy ions, and 

the understanding of irradiation-induced effects by 

low-energy ions in solids is becoming important. 

 Theoretical evaluation of behaviors of energetic 

particles in solids has been studied by many re-
searchers. The methods are classified in two cat-

egories, i.e., Monte Carlo methods' and inte-

gral equation methods2) . The most comprehensive 

theory for the integral equation is the LSS the-
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ory derived by Lindhard, Scharff, and Schiott2> . 
They have assumed a screened Coulomb potential 

(Thomas-Fermi potential) as the interaction poten-
tial of nuclear collisions and predicted the values 
of electronic energy loss and nuclear energy loss for 
many ion-target pairs. The range of ions in the tar-

get material can be obtained by solving the integral 
equations. 

 Recently, we have evaluated the damage function 
for low-energy ion irradiation3> . In the calculation 
we have divided the nuclear energy loss process into 
the displacement collision process and the excita-

tion process of the lattice site atom vibration, and 
the results for the Si-Si collision agreed well with 
the experimental results of the pulse-height defect. 

 In this paper, we have first calculated the aver-
aged value of instantaneous ion energy as a func-

tion of the penetration depth and that of the or-
dinal number of displacement collisions by utiliz-
ing extended LSS theory4) . From these results, the 

penetration depth has been estimated as a function 
of the ordinal number of displacement collisions in 
a collision cascade for several low-energy incident 
ions, and the trend of the mean free path for those 
ions is discussed. Next, we have evaluated the en-
ergy transfer rate and the deposited energy density 
of the incident ion for several initial energy values 

and ion species in the low-energy region (5-40 keV).



 Fig.1 Schematic diagram of a collision cascade.

 Fig.2 Energy partition relation in a collision cascade. 

The calculated values are compared with the exper-

imental results, and the amorphization of silicon is 

discussed. In the calculation, we have considered 

only the primary knock-on process and neglected 

the higher order knock-on, but the results show a 

relatively good agreement with the experimental re-

sults of the damaged layer thickness measurement. 

 2. Theory 

  The schematic diagram of a collision cascade is 

depicted in Fig. 1, where solid circles show the 

incident ion, hatched circles the primary knock-on 

atoms, and open circles the secondary or higher or-

der knock-on atoms. For the simplicity of estimat-

ing first order effects, we have considered only the 

primary knock-on process in the present calculation. 
  The incident ion transfers its energy into elec-

tronic excitation and nuclear collision processes and 

stops at a certain depth in the target. The nuclear 

collision consists of the displacement collision and 

the lattice site atom vibration processes5> . The en-

ergy partition relation for each process in a collision 

cascade is shown in Fig. 2. The amorphization 

of crystalline materials induced by ion irradiation

is closely related to the energy transfer rate into 

atomic displacements in the collision. The energy 

transfer rate into atomic displacements at a pene-

tration depth Xp is expressed as, 

CdE'ndll(1) dXp )xp' 

where End1 is the energy loss for displacement colli-

sion, where the suffix 1 in End1 denotes the primary 

knock-on process4> . For the total ion dose of ND, 

the density of energy deposited by the impinging 

ions at the depth Xp in the primary process can be 

expressed as, 

      _dEndl  ED1l(2) dXp I XpND. 

  The generalized equation for irradiation effects in 
the collision process is described as, 

3(1)(E, X) _ —1 al.(E, X)(3) 
aEN(Se(E) + Sn(E)) ax 

where 1(E, X), N, Se (E), and Sn (E) are expected 
irradiation effect induced by an ion, density of the 
target, electronic, and nuclear stopping power, re-
spectively, and E and X, the energy and the path 
length of the ion, respectively4) . The formulae 
for Se (E) and Sn (E) are presented by Lindhard 
et.a146). From Eq. (3), the energy loss for each 
process shown in Fig. 2 can be expressed as, 

dEe = NSe (E) , (4) 
dX 

dEn = NSn(E),(5) 
dX 

dEnd _ NSnd(E, Ed), (6) 
dX 
dEl N S

n(E) — Sn,d (E)) , (7) dX 
where Ed is the threshold energy for atomic dis-

placement. Thus the average transferred energy 
in the j-th displacement collision, lattice site atom 

vibration, and electronic excitation processes are 

given by,



respectively, where  Ei is the energy of the incident 
ion after the j-th displacement collision process. 
The energy conservation relation for the series of 
collision should be described as, 

E3_1 =E .;+(Td) (Ti) (Te)(11) 

It is clear from Fig. 2 that if the initial ion energy 

E3_1 for j-th collision can be obtained, the energy 

partition relation and total number of recoil atoms 
in the j-th collision can be computed. Thus, by 

repeating the calculation until no recoil atoms are 

produced, the energy partition relation in the col-
lision cascade induced by the incident ion can be 

evaluated. 

 The average penetration depth where the ion en-

ergy during its slowing-down process is an arbitrary 

value E* can be estimated by the extended LSS 

theory4> , and it is expressed as, 

              dE  
(XP(Eo, E*)) ENS

tr         E() 

           dE  x exp fE0 Atr(E)NStr(E)' (12) 
and the standard deviation of the *statistical distri-

bution of X p (Eo, E*) is given by, 

(OXp(Eo, E*)) = 3 (2(x(E0,E*)) + (X, (Eo, E*))) 
—(XP(E0, E*))2,(13) 

where E0 and E* are the initial energy and the 
instantaneous energy of the incident ion, respec-
tively, and Atr (E), Str(E), (X, 2(E0, E*)), and 

(X,2 (E0, E*)) are functions of energy defined in Ref. 
4. The energy transferred into the displacement 

process at a penetration depth X p for the j-th col-
lision can be approximated by a Gaussian distri-

bution function with the parameters above and ex-

pressed as,

Fig.3 Ion energy as a function of the ordinal number 

      of displacement collisions for Ar+ with initial en-

      ergy of 5, 10, 20, and 40 keV.

Fig.4 Ion energy as a function of the ordinal number of 

       displacement collisions for He+, Si+, Ar+, and 

      Xe+ with initial energy of 20 keV.

Thus the total energy transfer rate at the depth X p 

can be obtained by,

where n is the number of displaced atoms. 

 3. Results and Discussion 

 The ion energy after each displacement collision 

is calculated and shown in Fig. 3 as a function 

of the ordinal number of the displacement collisions



Fig.5 Ion energy as a function of penetration depth for 

      Ar+ with initial energy of 5, 10, 20, and 40 keV.

Fig.7 Penetration depth as a function of the ordinal 

      number of displacement collisions for Ar+ with 

      initial energy of 5, 10, 20, and 40 keV.

Fig.6 Ion energy as a function of penetration depth for 

      He+, Si+, Ar+, and Xe+ with initial energy of 

      20 keV.

for an argon ion with several different initial energy 
values. Similar calculation results for several ion 
species with the initial energy of 20 keV are shown 
in Fig. 4. In this initial energy region, the total 

number of displacement collisions increases remark-
ably with increasing the initial energy of the inci-
dent ion, and slightly depends on the ion species. 
The total number of the displacement collisions for 
a 20 keV silicon ion is almost the same as that for 

a 20 keV argon ion. 
  If we assume an instantaneous energy value of the 

incident ion during its slowing-down process in the 
target, we can calculate the corresponding value of 
the averaged penetration depth of the ion using Eq. 

(12). The results are shown in Fig. 5 for argon ions 
with several different initial energy values. Similar 
calculation results for several ion species with the 
initial energy of 20 keV are shown in Fig. 6. It is 
found that the depth where the energy of the im-

Fig.8 Penetration depth as a function of the ordinal 

      number of displacement collisions for He+, Si+, 

      Ar+, and Xe+ with initial energy of 20 keV.

pinging ions reaches a specific value becomes deeper 
for higher initial energy and lighter particles. 

 By combining Figs. 3 and 5 or 4 and 6, we can 
obtain the penetration depth of incident ions as a 

function of the ordinal number of the displacement 
collisions. Figures 7 and 8 show the depth for ar-

gon ions in silicon with different initial energy and 
for several ions in silicon with the initial energy of 
20 keV, respectively. From Figs. 7 and 8, we can 

evaluate the mean free path of ions between each 
adjacent displacement collision process. The curves 
shown in Figs. 7 and 8 are approximately straight 
lines except for the penetration tails, and the mean 
free path is larger for lighter species and higher ini-

tial energy ions. 
 From Eq.(15), the energy transfer rate into 

atomic displacements can be obtained as a function 
of penetration depth, and the results are shown in



Fig.9 Energy transfer rate as a function of penetration 

      depth for Ar+ with initial energy of 5, 10, 20, and 

      40 keV.

 Fig.10 Density of deposited energy as a function of pene-

       tration depth for the irradiation of 10 and 20 keV 

       Ar+ to dose of 1 x 1014, 1 x 1015, and 1 x 1016 

       cm—2.

Fig. 9 for an argon ion penetrating into silicon with 
various initial energy. It is found that the depth 
where the energy transfer rate reaches a specified 
value becomes deeper for higher initial ion energy. 

 Figure 10 shows the density of deposited energy 
in the primary process calculated by Eq. (2) for 10 
keV and 20 keV argon ions in silicon with several 
dose values. 

 The density of deposited energy necessary for 

defining the damaged regions can be estimated from 
the curves shown in Fig. 10 and the experimental 
data of the damaged layer thickness. Some exam-

ples of the experimental data of the damaged layer 
thickness') are shown as a function of dose in Fig. 

11, which were obtained by the ion-bombardment-
enhanced selective etching (IBESE)8). 

 The open triangles and circles in Fig. 11 show

Fig.11 Dose dependence of damaged layer thickness for 
      irradiation of 10(A) and 20 keV(0) Ar+. The 

       solid lines show the depth where deposited en-
       ergy ED1 = 0.05 eV/A3.

the damaged layer thickness for 10 keV and 20 keV 

argon ion irradiation, and the solid lines show the 

depth at which the density of deposited energy ED1 

equals to 0.05 eV/A3 obtained from Fig. 10. The 
experimental results show a good agreement with 
the depth of ED1 = 0.05 eV/A3 in the dose region 
lower than 1015 ions/cm2, while in the higher dose 
region, the damaged layer thickness is slightly larger 
than the depth of ED1 = 0.05 eV/A3. We specu-

late that the discrepancy between the experimental 
results and the calculated values in the higher dose 
region should be due to the underestimation of the 

density of deposited energy caused by neglecting the 
higher order knock-on processes. For more precise 
calculation, in which the effects by the secondary or 
higher order knock-ons are taken into account, the 

position of ED1 = 0.05 eV/A3 should shift deeper, 
especially at higher dose region. 

 Except for the small disagreement, we can con-
clude that the thickness of the damaged layer cor-
responds to the depth at which the density of de-

posited energy is a constant value of approximately 
0.05 eV/A3 under the present experimental condi-
tions. 

 4. Conclusion 

 The irradiation effects of low-energy ions in sil-

icon have been investigated theoretically. In the 

theoretical calculation, we have considered only the 

primary knock-on process. 
 The total of displacement collisions remarkably 

increases with increasing the incident ion energy 

and slightly depends on the ion species. The mean 

free path of ions at a penetration depth in the target



is larger for higher initial energy and lighter parti-

cles. 

 The dose dependence of the depth at which the 

density of the deposited energy reaches a constant 

value shows a good first order agreement with that 

of the damaged layer thickness obtained by the ion-

bombardment-enhanced selective etching. For more 

precise simulation, the secondary or higher knock-

on processes should be considered. 
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