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Fluid model based numerical simulation was carried out for an inductively coupled plasma 
assisted sputter deposition system. Power absorption, electron temperature and density 
distribution was modeled with drift diffusion approximation. Effect of an electrically 
conducting substrate was analyzed and showed confined plasma below the substrate. Part 
of the plasma was leaked around the substrate edge. Comparison  between  the  quasi-neutrality  
based  compact  model  and  Poisson equation resolved model showed more broadened profile 
in inductively coupled plasma power absorption than quasi-neutrality case, but very similar 
Ar ion number density profile. Electric potential was calculated to be in the range of 50 
V between a Cr rod source and a conductive substrate. A new model including Cr sputtering 
by Ar+was developed and used in simulating Cr deposition process. Cr was modeled to be 
ionized by direct electron impact and showed narrower distribution than Ar ions.
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I. Introduction

High performance thin film deposition system re-

quires some means of adhesion enhancement, e.g. ion 

bombardment densification either by separated ion 

beam gun or self ion generation of depositing materials 

[1]. IBAD (ion beam assisted deposition) and HiPIMS 

(high power impulse magnetron sputtering) [2-4] are 

the examples. High deposition rate is an important re-

quirement in industrial manufacturing system. Evapo-

ration has higher deposition rate than magnetron 

sputtering in general. Thermal evaporation requires 

very high electric current to heat a thick rod as a dep-

osition source. Usually several hundred amps of current 

is used. Secondary plasma generation scheme has been 

used in many applications. RF ICP (inductively coupled 

plasma) is one of them. When depositing material is 

electrically conductive, ICP antenna should be installed 

inside the chamber, so called internal antenna ICP 

system. ICP has been used in many thin film deposition 

applications including reactive deposition of oxides and 

nitrides [5]. Magnetron sputtering source is very at-

tractive in target material selection and large area 

system. One disadvantage of it is relatively high cost 

and complicated structure. Planar and cylindrical sour-

ces are popular in industrial applications of magnetron 
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Figure 1. All structural grid of a 2D model for an in-
ternal ICP system.

sputtering. Some materials have very high vapor pres-

sure before melting, e.g. Cr. Cr can be used in sub-

limation source in metal deposition systems. In this 

study, Cr sublimation source is installed in an internal 

antenna ICP system and biased to negative potential. 

Cr rod was heated high enough to sublime to give high 

deposition rate at substrates [6,7]. This experimental 

data can be used to design an industrial size deposition 

system if numerical modeling provides detailed analysis 

of the underlying physics.

II. Numerical model setup

CFD-ACE+  is  a  commercial  multi  physics  soft-

ware  package  which includes flow dynamics, heat 

transfer, electromagnetism, chemistry and plasma 

physics module. For plasma simulation, it is using 

fluid based model, drift diffusion approximation. 2D 

xy model is used in this study assuming infinitely long 

z-directional length as shown in Fig. 1. Vertical plane 

is a symmetric plane. This model has two ICP antenna 

rods and two Cr sputter sublimation source rods. 

Quasi-neutral approximation is used. ICP antenna 

has a dielectric tube outside. Alumina has very low 

sputter yield and high dielectric constant. Electric 

field is reduced by 1/relative dielectric constant and 

sputter erosion of the tube. In high rate deposition 

system, some sputter cleaning of the dielectric tube is 

necessary to keep constant surface potential and 

plasma potential thereafter. To resolve this issue, a 

numerical model should use Poisson equation to get 

electric potential of the model space. In quasi-neutral 

approximation, the electric field is obtained not by 

Poisson equation, but by ambipolarity assumption [8]. 

Our model has advantage of short CPU time to get a 

converged numerical solution either in 2D or 3D.

(1)

2D  mesh  with all structural  cells  would  be used  

in solving Poisson equation included model, so called 

2D-ICPCCP model. It is more difficult in making a 

converged solution either than ICP or CCP only model 

and the numerical stability is more vulnerable to the 

geometry of the cells.

When a conducting substrate of non-trivial size is 

coming into the ICP discharge region, it should be 

considered in the numerical model as a conducting 

boundary condition. In this study, two cases were 

considered. One is a model without a substrate and 

the other has a conducting substrate in the discharge 

region which would play an electrically conducting 

boundary for plasma.

III. Simulation results and discussion

1. Basic discharge characteristics: power ab-

sorption, electron temperature and density

Inductive power absorption profile is shown in Fig. 
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Figure 2. Calculated power absorption profile.

Figure 3. Calculated Ar ion number density dis-
tribution with dimensions. 

(a)

(b)

Figure 4. (a) Calculated Ar ion number density and (b)
x-direction profile along the cut-line.

2. The peak value is around 1.8×106 W/m3 and high 

power absorption region is localized toward to sym-

metrical plane. This model is without a conducting 

substrate in the discharge region. Ar ion number 

density is shown in Fig. 3. The density profile along 

a cut line to x-axis (horizontal line) is shown in Fig. 

4(a) and 4(b). This is 80 mm above the bottom of the 

chamber. Horizontal uniformity is not as good as of 

semiconductor fabrication equipments. One possible 

application of this new type of plasma assisted depo-

sition system would be a bipolar plate coating equip-

ment for hydrogen PEMFC (polymer electrolyte mem-

brane fuel cell). One commercial passenger car would 

have 1,000 fuel cells to generate power equivalent to 

100 HP. Very thin metal sheets (0.1 mm)  are  strong  

candidates  for  this  purpose.  First  requirement  of  

this system is uniform evaporation characteristics 

and the second is uniform plasma assistance. Final 

film thickness uniformity should be in the range of 

10%. High electrical conductivity and resistance to 

corrosion are basic requirements for bipolar plates. 

Ar metastables having 11.5 eV would play an en-

hancement factor by Penning ionization of sublimed 

material from the rods when low ionization threshold 

metals are used(Cr: 6.76 eV) [9]. Spatial distribution 

of Ar metastables is shown in Fig. 4 and much more 

uniform than Ar ion. This will be a promising ad-
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(a)

(b)

Figure 6. (a) calculated magnetic vector potential 
(real part), (b) imaginary part.Figure 5. Calculated Ar metastable number density

vantage of ICP assisted deposition process for low 

ionization threshold materials.

2. Effects of electrically conducting substrate on 

the plasma characteristics.

Plasma power is absorbed through inductive cou-

pling between antenna and plasma body. Inductive 

power density is modeled as below.

(2)

: electrical conductivity

ε0: permittivity of free space

νm: electron collision frequence

ωep: electron plasma frequency 

ω: angular frequency of the induction power source 

In Fig. 6(a) and 6(b), magnetic vector potential 

component are shown. The conductive substrate is af-

fecting the A distribution and it is more clearly shown 

in inductive power absorption profile in Fig. 7. In 

manufacturing, some substrates are very thin (∼0.1 

mm) and the electrical conductivity is not as high as 

copper. The skin depth is calculated as below.

(3)

For copper, 2 MHz rf field can penetrate to 46.1 μm. 

The skin depth of stainless steel is 93.5 μm. If a 
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Figure 7. Calculated inductively coupled power den-
sity profile. 

(a)

(b)

Figure 8. (a) calculated electron temperature and (b) 
density profile 

stainless steel substrate of 0.1 mm thick were used, 

induced rf field could penetrate it, even though the 

field strength would be decreased down to 37%. When 

multiple sheets are installed for deposition, the gap 

distance should be determined with consideration of 

electromagnetic effect in ICP system.

In Fig. 8(a) and 8(b), calculated electron temper-

ature and density are shown with an electrically con-

ductive substrate. In order to decrease the effects of 

the substrate, ICP antenna was moved slightly to the 

right side of its original position in Fig. 1. Ar ion and 

metastable's number density are shown in Fig. 9(a) 

and 9(b). Ar metastable is confined under the sub-

strate region different from that of Fig. 5. The lower 

right region should be redesigned to get better effi-

ciency of energy and materials. Scattered neutrals 

(depositing atoms) could be lost to the lower right 

bottom surface at around 1∼10 mTorr range, where 

ICP can be operated.

3. ICP-CCP model (Poisson equation is solved)

With the same geometry and mesh structure, 

2D-ICPCCP model is used to calculate the electric 

potential structure and particle distributions 

thereafter. In Fig. 10(a) and 10(b), newly calculated 

magnetic vector potential by ICPCCP model are shown 

and different in the profile of imaginary part. 

However, the inductive power absorption profile in 

Fig. 11 is not much difference from quasi-neutrality 

model result. Calculated spatial potential in Fig. 12(a) 

and 12(b) are showing potential structure along a Cr 

rod, plasma and a substrate. The Cr rod was assumed 

to be biased at −100 V and the lower half region is 
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(a)

(b)

Figure 9. (a) Ar ion and (b) metastable number density
profile

(a)

(b)

Figure 10. (a) calculated magnetic vector potential 
(real part) and (b) imaginary part by 
ICP-CCP model

on the dielectric holder. The plasma potential be-

tween the Cr rod and the substrate is 50 V. The re-

gion above the substrate has potential profile of 10 V 

at maximum. It means that the plasma is well con-

fined below the conducting substrate region. Plasma 

is leaking around the edge of the substrate and it 

could invoke non-uniform film deposition character-

istics around the back side edge. For double side 

coating applications, a substrate is deposited on one 

side, turned over and is put to deposition step for the 

other side. Plasma leakage around the edge should be 

improved not to add non-uniform plasma fringe on 

the already deposited surface.

4. Cr sputtering simulation

Calculation  of  Cr  sputtering  from the  rod  sur-

face  was  modeled  by  ion energy dependent  surface 

sputtering similar to  ion enhanced etching reaction 

as below [10].

(4)

For Cr sputtering by Ar+, h was set to 0.0576 and 
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Figure 11. Calculated inductively coupled power den-
sity profile by ICP-CCP model

(a)

(b)

Figure 12. (a) calculated electric potential profile by 
ICP-CCP model 

(a)

(b)

Figure 13. (a) calculated Cr number density profile 
and (b) Ar+, Cr+ and Cr number density 
along the horizontal cut-line below the 
substrate

the threshold energy, 4 eV. These values are drawn 

from the sputtering yield data.

Fig. 13(a) and 13(b) show the Ar+, Cr and Cr+ den-

sity profile along the substrate's horizontal direction. 

In this model, heat induced sublimation was not 

included. So the Cr density is lower than Ar+ by two 

order of magnitude. Cr was ionized about a few per-

cent by direct impact ionization by electrons. Penning 

ionization was not included in this calculation. So 

these results may be the minimum values of sputter-

ing and ionization of Cr in ICP sputter sublimation 

processing system. In Fig. 14(a) and 14(b), the num-

ber densities of Ar and Cr ions are compared in hori-

zontal direction. Ar+ has an off-center peak and Cr+ 

has an accurate center peak density. Ar+ has peak 

number density of 1017 #/m3 and Cr+ has 1015 #/m3. If 

the Penning ionization between Ar metastable and Cr 
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(a)

(b)

Figure 14. (a) calculated Cr+ number density profile 
and (b) Ar+ and Cr+ number density along 
the horizontal cut-line below the substrate

neutrals were included, more Cr ions would have been 

produced and given more uniform density distribution 

at the substrate.

IV. Conclusion

Numerical simulation of an inductively coupled 

plasma sputter sublimation system is carried out by 

using fluid base model with drift-diffusion 

approximation. The effect of an electrically conduct-

ing substrate was analyzed. It has confined plasma 

below the substrate region. The plasma was leaked 

around the edge and may invoke non-uniform plasma 

surface reaction on the back side. Comparison be-

tween the quasi-neutrality based compact model and 

Poisson equation resolved model showed more broad-

ened profile in inductively coupled plasma power ab-

sorption than quasi-neutrality case. Electric poten-

tial was calculated to be in the range of 50 V between 

a Cr rod source and a conductive substrate. A new 

model including Cr sputtering by Ar+was developed 

and used in simulating Cr deposition process. Cr was 

modeled to be ionized by direct electron impact and 

showed narrower distribution than Ar ions.
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