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Abstract: Plasma immersion ion implantation (PIII), a high-dose rate implantation technique, has vast applications in the area of 
semiconductor electronics, in surface modifications of biomaterials and even in the development of various nano-structures. In this 
technique, the target is immersed in plasma and the implantation is done by accelerating the ions with a negative pulse voltage, applied 
to the target. There have been continuous efforts for the development of dynamic sheath models for a PIII system in estimating the 
impurities to be doped. In this paper, an effort has been made to compare the two models developed for a multispecies collisionless PIII 
system, one being developed by Qin, et. al. and the other being suggested by the author. To illustrate the comparative study of these two 
models, various parameters have been computed and compared by considering a mixed plasma of He and Ar species, when a negative 
pulse of potential 15 KV and with pulse time of 10 µs is applied to the sample. 
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1. Introduction 

Plasma immersion ion implantation (PIII) emulates 

beam line ion implantation technique in a number of 

areas, viz., high throughput, fast and efficient 

implantation, independent of wafer topology, by 

circumventing line-of-sight restrictions and target 

masking problems of conventional Implantation 

technique [1, 2]. In the field of semiconductor 

electronics, PIII has been successfully implemented in 

the fabrication of ultra-shallow p+/n junctions, 

conformal doping of trench sidewall in deep 

trench-based dynamic RAMs, precise control over gate 

oxide thickness for memory and logic transistors, 

formation of Silicon on Insulators (SOI) substrates, 

poly-silicon thin film transistors (TFTs) for flat-panel 
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displays, thin film growth, fabrication of low dielectric 

constant materials for ULSI multilevel interconnects [3, 

4], etc. The researchers are even exploring PIII 

technique for surface modifications of biomaterials 

[5-6] and for the development of nanoscale structures, 

like, carbon nanotubes, ZnO nanowires, etc. [7-9]. 

The process is carried out by repetitively applying a 

high negative voltage pulse to a wafer with respect to 

the chamber walls, immersed in high-density plasma of 

appropriate dopant ions. With the negative bias, an 

initial ion-matrix sheath is formed and the ions start 

getting implanted into the wafer. After the 

development of ion-matrix sheath, as the pulse time 

evolves, ions starts getting implanted into the sample. 

This phase of sheath expansion plays a crucial role in 

determining the ion flux to the target. Subsequently, the 

sheath edge recedes and a nonuniform time varying 

dynamic sheath expands with time, which contributes 
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the major part of the total doping concentration, 

implanted into the target [10]. 

For doping of impurities in semiconductors using 

PIII, one of the major problems is an exact estimation 

of doping concentration of individual doses in multiple 

species plasma as the doping source is usually a 

compound gas such as Phosphine, Borane, etc. and 

these gases are often diluted in helium and hydrogen 

for safety purposes and also to control the doping 

concentration [11]. The dynamic sheath model of 

multiple-species plasma is, therefore, very important 

for such applications since undesired impurities too get 

implanted in addition to the impurities to be doped. To 

model the PIII processes, a collisionless dynamic 

sheath model for multispecies plasma was initially 

suggested by Qin, et al. [12] and subsequently, a 

generalized analytical model has been suggested by the 

author [13]. In this paper, a comparative study of the 

two models has been carried out by computing various 

parameters for the two models for one pulse duration 

for a plasma comprising two singly charged ions of He 

and Ar. 

2. Collisionless Dynamic Sheath Models  

To determine various parameters like the sheath 

expansion, total implant ion current, total implant dose 

and the individual ion doses, the dynamic sheath model 

developed by Qin, et al. [12], in a two ion species 

plasma of mass m1 and m2, the concept of an effective 

mass, M, which is a function of the plasma composition 

and ion masses, was considered while in the 

generalized model being suggested by the author [13], 

the mass of second ion is considered as m2 = c·m1, 

where c is the ratio of the mass m2/m1.  

The assumptions being considered for both the 

models are:  

 Ion flow is collisionless; 

 Electron motion is inertialess during the pulse; 

 Planar geometry for target configuration; 

 Ideal pulse with no rise time and fall time; 

 All ions are singly charged; 

 During sheath propagation, the ion density is 

uniform. 

Based on the model of Lieberman, et al. [14], Qin, et 

al. [12] devised the dynamic sheath expansion for 

multispecies plasma as under: 
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where pi = u0/s0 is the ion plasma frequency, 

i000 en/V2s  is the initial ion-matrix sheath thickness, 

M/eV2u 00   is the characteristic ion velocity, ni is the 

sum of the ion densities of all the species in the plasma 

and M is the effective mass [12]. 

The general expression for dynamic sheath 

expansion being suggested by the author [13] has been 

derived as: 
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and the general expression for ion current density 

during dynamic sheath propagation for multispecies 

plasma was suggested as: 
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Similarly, the general expression for computing 

individual current density for different species in 

multispecies plasma was suggested as: 
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Therefore, in this model, the behavior and the values 

of dynamic sheath expansion and ion current densities 

can be estimated by changing the appropriate value of 

K. In case of single ion plasma, the value of K is unity. 

The doping concentration of all the ions or of 

individual ions in the target during Child-law sheath 
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propagation for one pulse duration can be computed 

as [15]:  
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3. Results and Discussion 

To illustrate these models, a PIII system with plasma 

of ion density ni = 1016 ions/m3 for both He and Ar has 

been considered. Also a PIII system with a mixture of 

He and Ar with equal ion density of 5  1015 ions/m3 

each has been considered. A negative pulse of 10 s 

duration with 15 KV potential has been applied to the 

substrate. 

The plots for dynamic sheath expansion for plasma 

of individual ions and also for combined plasma of He 

and Ar, shown in Fig. 1, are plotted using Eqs. (1) and 

(3). 

It is observed that the ion-matrix sheath thickness s0, 

being independent of the type of species, is 0.012876 m. 

Pure helium plasma has a larger sheath expansion 

velocity than the pure argon plasma, as helium ions are 

lighter. For dual species plasma, the sheath expansion 

velocity plots, implementing both the models are 

between the two plots of pure plasma of He and Ar. It is 

observed that, implementing the model developed by 

Qin, et al. [Eq. (1)], the plot of sheath thickness 

variation with time for combined plasma is closer to 

that of pure Ar, which should not be the case as the ion 

velocity of He is greater. The plot drawn using Eq. (3) 

appears to be more effective and accurate as it is closer 

to pure He than that of pure Ar ions as the velocity of 

He is higher due to its lighter mass.  

The ion current density as a function of time for one 

pulse duration is plotted in Fig. 2 using Eqs. (2) and (4), 

by putting the value of K and c in it. 

In this case, the values of K and c are found to be 

0.65769 and 10.0542, respectively. It is observed that 

the current density shows the similar dependence on 

ion mass. Also the mixed plasma of two species, 

plotted using the model derived by Qin, et al. (Eq. 2), 

the ion current density plot is closer to that of pure Ar 

while in case of the plot drawn using the model  

 
Fig. 1  Comparison of sheath expansion in dual species 
plasma of He & Ar and in pure Ar & pure He using two 
models, during a pulse of -15KV potential. 
 

 
Fig. 2  Comparison of ion current density in dual species 
plasma of He & Ar and in pure Ar & pure He using two 
models, during a pulse of -15KV potential. 
 

suggested by the author (Eq. 4), it is observed that the 

plot is closer to He ions, which should be the case due 

to higher ion velocity of He ions with equal ion density. 

The two models can also be used to compute the net 

doping concentration and the respective implant dose 

components of different ion species during the pulse, 

despite the fact that, the ions in the sheath have different 
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Fig. 3  Comparison of Doping Concentration in dual 
species plasma of He & Ar and in pure Ar & pure He using 
two models, during a pulse of –15KV potential. 
 

response times and transit times depending on their 

masses. In Fig. 3, the net doping concentration for one 

pulse duration for both the models has been plotted by 

implementing Eq. (6). It is observed that for a mixed 

plasma of He and Ar ions in equal ion density, the plot 

of net doing concentration, implementing the analytical 

model of Qin, et al., is closer to that of pure Ar, which 

should not be the case as He ions are lighter in mass 

than Ar ions. For the same case of mixed plasma, when 

the net doping concentration plot is drawn by 

implementing the model being developed by the author, 

as shown in Fig. 3, it is observed that it is closer to pure 

He rather than pure Ar curve for He being lighter in 

mass than Ar and, therefore, He ions will be doped 

more than Ar ions in a mixed plasma of both the 

species having equal ion densities. 

While comparing the results of individual doping 

contributions by He and Ar ions, in one pulse duration, 

in a mixed plasma of both the species with equal ion 

densities, Qin, et al. has stated through their model that 

there will be an equal amount of doping contribution by 

both types of species [12] while the model being 

developed by the author has proved that the doping 

concentration contribution of He ions would be  76% 

as compared to Ar ( 24%)on account of the lighter 

mass of He ions [13].  

4. Conclusions  

Comparing the two models for dynamic sheath 

propagation in a multispecies collisionless PIII system, 

the model suggested by the author appears to be more 

accurate and realistic. This model can much accurately 

estimate and thus monitor the doping concentration of 

one or more species in comparison with the model 

suggested by Qin, et al. and can also be helpful in 

computing the individual contributions of the species 

in a much effective way, by merely putting an 

appropriate value of K. Moreover, the model being 

suggested by the author appears to be more general as it 

can be implemented in a collisionless PIII system for 

any number of species for estimating various 

implanting parameters. 
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