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The  possibilities  to  control  ion  energy  distribution  functions  (IEDFs)  and  ion  angle  distribution  functions 
(IADFs) on electrodes in single- and dualfrequency capacitively coupled plasma (CCP) sources are investigated by 
means of particle-in-cell/Monte Carlo (PIC/MCC) simulations. It is shown that the IEDFs can be controlled by the 
driven voltage and frequency in singlefrequency capacitive discharges. It is demonstrated that the IEDFs and IADFs 
can be controlled by the low frequency voltage in dualfrequency CCP sources.

PACS: 52.80.-s 

1. INTRODUCTION 
CCP sources  are widely used in  the  laboratory as 

well as in industry for a variety of processing techniques 
such as sputtering, plasma deposition and directional ion 
etching. The interaction of energetic ions with solid sur-
faces plays a crucial role in these techniques. The posi-
tive  ions  accelerated  through the  space-charge  sheath 
adjacent to the electrodes are responsible for the etch 
rates, and the etch depths, as well as for the etch pro-
files. The ion bombardment energy and the ion flux on 
the wafer, which are important for the control of etch 
depths and etch rates, cannot be controlled independent-
ly  by  driven  voltage  in  conventional  singlefrequency 
CCP sources. Independent control by ion flux and ion 
energy  is  possible  in  the  dualfrequency  CCP sources 
[1]. Careful control of etch profiles is a basic require-
ment for modern etch technologies. Etch profiles are de-
fined by the IEDF and IADF on the wafer. Collisionless 
IEDFs  on  electrodes  in  singlefrequency  CCP sources 
were reviewed in [2]. PIC/MCC simulations [3-6] were 
used  to  study  the  possibility  of  IEDF control  on  the 
powered electrode in asymmetric single- and doublefre-
quency  capacitive  discharges  in  argon  and  different 
mixtures [7-16]. In the present paper, the possibilities to 
control IEDFs and IADFs on electrodes in single- and 
dualfrequency CCP sources are investigated by means 
of PIC/MCC simulations. It is shown that the IEDFs can 
be  controlled by  the  driven voltage  and frequency in 
singlefrequency  CCP  sources,  and  the  IEDFs  and 
IADFs can be controlled by the low frequency voltage 
in dualfrequency capacitive discharges. 
2. SIMULATION TOOL AND CONDITIONS

Weakly ionized plasmas in asymmetric single- and 
dualfrequency CCP sources have been studied in one di-
mension using the bounded electrostatic 1d3v PIC/MCC 
code [3-6]. One dimensional plasma model can be used 
due to large ratio of transverse to longitudinal dimen-
sions of conventional CCP sources. The elastic scatter-
ing, excitation, and ionization for electron-neutral colli-
sions, the charge exchange and elastic scattering for ion-
neutral collisions are included in the model via Monte 
Carlo. The grid size  x∆  was small enough to resolve 
Debye length. The time step t∆  was less then the mini-
mal  time  scale  in  the  discharge,  and  1.0<∆ tpeω , 

where peω  − electron plasma frequency. The “Courant 

condition for particles”  1/ <∆∆ xtv , where  v  is the 
velocity of the macro particle, was satisfied during mod-
eling  time.  The  modeling  conditions  are  different  for 
different  runs,  but  the  scales  are  following: 

]10,10[ 1112 −−∈∆ t  sec, ]104,104[ 34 −− ⋅⋅∈∆ x cm. 
In  conventional  PIC/MCC  simulations  numerical 

fluctuations  are  inversely  proportional  to 

cellDe NN + , where DeN  is the number of macropar-

ticles  per  Debye length,  and  cellN  is  the  number  of 

computer particles per cell. This numerical noise can in-
crease  the  kinetic  energy  of  the  particles  and  creates 
substantial  errors  in  the  electron  energy  distribution 
function, electron temperature and plasma density.  To 

investigate the influence of  cellN  and  DeN  (which is 

proportional to cellN ) on the CCP source characteristics 

the testing simulations were done. Fig.1 shows the elec-
tron energy distribution functions measured in the cen-
tre  of  the  discharge  for  8=cellN  (left)  and 

1000=cellN (right), respectively. The modeling done 
for pressure 90 mTorr, electrode spacing 1.3 cm, driven 
voltage 120 V, frequency 30 MHz,  3104 −⋅∈∆ x  cm. 
As it follows from Fig. 1, the modeling with small num-
ber of macro particles can not exactly resolve two-tem-
perature electron energy distribution functions in the ca-
pacitively coupled plasma sources. 
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Fig.1. Electron energy distribution functions measured 
in the centre of the discharge for 8=cellN (left) and 

1000=cellN (right), respectively

Fig.2 shows the maximal max
eT and minimal min

eT elec-
tron  temperatures  in  the  capacitively  coupled  plasma 
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source vs cellN . As it follows from Fig.2, min
eT  strong-

ly depends from cellN . The maximal plasma density vs 

cellN  is presented in Fig.3. Same as for min
eT , the max-

imal plasma density strongly depends from cellN . As it 

follows from Figs.1-3, the cellN  should be higher than 

250  in  the  conventional  particle  simulation.  In  each 
modeling case presented here from 250 to 1000 macro 
particles per cell was used in order to decrease numeri-
cal noise, which can cause substantial errors in the elec-
tron temperature, and so, in plasma density and ion flux 
on the wafer.
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Fig.2. Maximal max
eT and minimal min

eT electron tem-
peratures vs the number of macroparticles per cell 

cellN

0 500 1000 1500 2000

2x1015

3x1015

4x1015

5x1015

6x1015

7x1015

8x1015

9x1015

1x1016

n pm
ax

,m
-3

Nmacro per cell, electrons

Fig.3. Maxima plasma density max
pn (measured in the 

centre of the discharge) vs the number of computer par-
ticles per cell cellN

3. RESULTS AND DISCUSSION
Figure 4 shows the IEDFs on the powered electrode 

for various driven voltages hfV  (80 V for upper graph, 
and  1300  V for  lower  graph)  in  the  singlefrequency 
30 MHz Ar discharge at  70 mTorr.  As it  is  shown in 
Fig.1, the IEDFs have fine structure, which is typical for 
low  pressure  discharges  under  following  conditions: 
there are few charge-exchange collisions on the sheath 
length,  and  ion  transit  time  through  sheath  ionτ  is 

greater then RF period hfτ . These peaks are arisen be-
cause of acceleration of slow ions, which are created in 
the sheath as the result of charge-exchange collisions, 
by varying sheath potential.  It  is necessary to empha-
size, that the nature of the slow energy ions generation 
in the sheath is not important for the IEDF shape and for 
the spikes position. This ions can be generated, for ex-
ample,  by secondary electrons in  ionization collisions 
with neutrals, or by external UV radiation.The number 
of peaks can be estimated as

ηπτ
τ

2
1==

hf

ionN , (1)

where  2224 sMf
eU

hfπ
η = ,  dcp VVU −=  is the bias volt-

age, dcV  is the self-bias potential, pV  is the plasma po-

tential, hff  is  the  driven  frequency,  s  is  the  sheath 
thickness, e  is the ion charge, and M  is the ion mass. 
As it follows from (1), and confirms by Fig.4, the num-
ber of peaks decreases with increasing bias voltage U  
and,  so with  increasing  driven voltage  hfV .  Thus  the 
IEDF shape can be controlled by the applied voltage. 
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Fig.4. IEDFs on the driven electrode for two differ-
ent driven voltages hfV  (80 V for upper graph, and 

1300 V for lower graph)
Fig.5 shows time averaged spatial profiles of elec-

tron and ion densities (upper graph), and the potentials 
(lower graph) for different values of driven voltage hfV . 
The maximal plasma density and ion fluxes onto elec-
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trodes vs hfV  are presented in the inset of the Fig.5 (up-

per graph). The self-bias dcV  and plasma pV  potentials 

vs  hfV  are  shown  in  the  inset  of  the  Fig.5  (lower 
graph). As follows from Fig.5, the maximal plasma den-
sity and ion fluxes onto electrodes increases with  hfV . 

The plasma potential pV  and self-bias voltage dcV , and 
so, the maximal ion energy, have almost linear depen-
dence against  hfV .  Thus the ion energy and ion fluxes 
onto electrodes can not be controlled independently by 
driven voltage.
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Fig.5.  Time  averaged  spatial  profiles  of  electron 
and  ion  densities  (upper  graph),  and  the  potentials  
(lower graph) for different values of driven voltage hfV

Fig.6 shows the IEDF on the powered electrode for 
two driven frequencies (30 MHz upper graph and 130 
MHz lower graph) at driven voltage 1200 V and pres-
sure 50 mTorr. The peak structures are clearly visible. 
As follows from (1) and the scaling law for the sheath 
length  [8]  8.0−∝ hffs ,  the  number  of  peaks  depends 
weakly on the frequency. The IEDF changes drastically 
as the driven frequency increases. With the increase in 
frequency the relative number of high energy ions in-
creases  with  a  consequent  decrease  in  the  number  of 
low  energy  ions.  At  high  frequency  (Fig.6,  lower 

graph), when 3∝
i

s
λ ,  where  iλ  is the ion mean free 

path, the IEDF exhibits a saddle-shaped structure. This 
structure  is  due  to  ions  that  have  passed  through the 
sheath  without  collisions.  It  is  centred  around the  dc 

sheath  voltage  U .  At  low  frequencies  (Fig.6,  upper 

graph),  when 10∝
i

s
λ ,  the  bimodal  structure  disap-

pears. The number of peaks obtained in the modelling is 
in good agreement with (1). Thus the IEDF shape can 
be controlled by the driven frequencies. 

The maximal plasma density and ion fluxes onto elec-
trodes vs driven frequency are presented in Fig.6. As fol-
lows from Fig.7, the plasma density scales as 2

hff . The 
plasma potential and self-bias voltage, and so, the maxi-
mal ion energy, weakly depends on frequency. That is 
why ion fluxes onto electrodes scales as  2

hff .  Thus the 

ion fluxes onto electrodes can be controlled by driven fre-
quency independently from ion maximal energy.
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Fig.6. IEDF on the driven electrode for two frequencies 

(30 MHz upper graph and 130 MHz lower graph) at  
driven voltage 1200 V and pressure 50 mTorr
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Fig.7. The maximal plasma density and ion fluxes onto 
electrodes vs driven frequency at driven voltage 1200 V 

and pressure 50 mTorr
To control independently ion fluxes onto electrodes 

and ion energy, the dualfrequency CCP source is used. 
The plasma density and, subsequently, the ion flux can 
be controlled by the high frequency RF power. The ion 
bombardment energy on the surface is  defined by the 
low frequency (LF) power. The IEDFs on the powered 
electrode for two diferent LF (2 MHz) voltages (20 V 
for upper graph and 250 V for lower graph) at high fre-
quency  (30 MHz)  voltage  160 V,  and  Ar  pressure 
70 mTorr in the dualfrequency CCP source are present-
ed in Fig. 8. The fine structure, observed in the single-
frequency case (Figs.4,6), and in the case of small LF 
drive (Fig.8, upper graph), is destroyed as LF voltage 
increases (Fig.8, lower graph). This can be explained by 
the growth of the sheath length (Fig.9, upper graph) and, 
so, by increasing of the collisional parameter is λ . For 
the upper graph in Fig.9, this parameter approximately 
10, and for lower IEDF in the Fig.8, it is 20. Thus the 
IEDF shape can be controlled by the LF voltage. The 
ion bombardment energy, which is proportional to  the 
bias  voltage U ,  increases  (Fig.9,  upper  graph),  and 
maximal  plasma  density  decreases  with  LF  voltage 
(Fig.9, lower graph). The ion fluxes onto electrodes vs 
LF  voltage  are  presented  in  Fig.9.  As  follows  from 
Fig.9,  the  ion  fluxes  onto  electrodes  slightly  depend 
from LF voltage. Thus the ion bombardment energy can 
be controled by LF voltage independently from ion flux-
es onto electrodes.
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Fig.8. IEDF on the driven electrode for different LF 
(2 MHz) voltages (20 V for upper graph, and 250 V for 
lower graph). Pressure 70 mTorr, high frequency volt-

age 160 V, frequency 30 MHz

Fig.10 shows the IADFs on the powered electrode 
for various LF voltages. As follows from Fig.10, a large 
amount  of  ions  strike  the  surface  within  an  angle  of 
about 3°.  The IADF maximum is shifted with the LF 
voltage  towards  the  low  angles.  The  IADFs  are 
widespread: a significant  fraction of the ions impinge 
with highly off-normal angles.
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Fig.9. The self-bias potential dcV , the plasma potential 

pV , and the sheath length s  vs LF (2 MHz) voltages (up-
per graph), and the maximal plasma density, and ion flux-
es onto electrodes vs LF (2 MHz) voltages (lower graph)
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Fig.10. IADFs on the powered electrode for different  
LF (2 MHz) voltages. High frequency (30 MHz) voltage 
is 160 V, pressure 70 mTor. Vertical scales have been 
shifted to separate plots. Unshifted IADFs for two val-
ues of low frequency voltage are shown in the inset of  

the figure
The  collisionless  IADFs  are  presented  in  Fig.11. 

Charge exchange collisions and elastic scattering were 
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switched off in this simulation. In the collisionless case 
all ions strike the electrode within an angle less 3o. The 
IADF maximum is shifted with low frequency voltage 
towards the low angles.The effect of charge exchange 
collisions  and elastic  scattering  can be  separated  (see 
Fig.12). Ions near normal incidence angle are created by 
charge exchange collisions or crossed it  without colli-
sions. Ions which hit the electrode with a larger impact 
angle have been scattered in the sheath. Fig.13 shows the 
IADF plotted for different impact energies. Ions with en-
ergy less than 10 eV have been created at the electrode by 
the charge exchange and ionization collisions.
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Fig.11. Collisionless IADFs on the powered electrode 
for different low frequency (2 MHz) voltages. High fre-
quency voltage is 160 V, pressure 70 mTorr, frequency 
30 MHz. Vertical scales have been shifted to separate 
plots. Collisionless two-hump IEDF is shown in the in-

set of the figure
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Fig.12. IADFs on the powered electrode for pressure 
70 mTorr, high frequency (30 MHz) voltage 160 V, low 

frequency (2 MHz) voltage 150 V. Simulations were done 
with switched on charge exchange collisions and turned 
of elastic collisions and vice versa. Collisionless and col-

lisional IADFs are shown in the inset of the figure
Typical  IADFs  obtained  by  PIC/MCC simulations 

are presented in Figs.10-13. The behavior of IADFs in 
the region of low angles can be made clear on the basis 
of exact calculations with the model ion velosity distri-
bution functions on the electrode:

.
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),(
||

2
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||
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−−⋅⋅=

⊥
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⊥
⊥ kT
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mvvf
ππ

In spherical coordinates IADF is given by

( ) ),()cos()sin()(
2

0 0 0

2 ϑϑϑϑϕϑ
π ϑ

vfnvddvvd∫ ∫ ∫
∞

=Γ .

Integral can be easy calculated:

 )(sin)1(1
)(sin

4
)( 2

2
||

ϑα
ϑαϑ

⋅−+
⋅=Γ

vn
,

where  
m

kT
v

π
||

||

8
= ,  

⊥

=
T
T||α .  For 1=α  and  

2
πϑ =  

we obtain well known result: 
4
vn

o =Γ . The IADF is 

defined as probability density function )(ϑΓd :

.
 ))(sin)1(1(

)cos()sin(2
4

)(
22

||

ϑα
ϑϑϑαϑ

⋅−+
⋅=Γ dvn

d

Fig.14 shows normalized to  oΓ  probability density 

functions )(ϑΓd  for various values of α . As follows 
from  Fig.14,  and  analitical  expression  for  )(ϑΓd , 
when 0→ϑ  the 0)( →Γ ϑd . When 1> >α  the an-
gular  distribution is  anisotropic and most  ions  impact 
the electrode with near-normal incidence.
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Fig.13. Energy resolved IADF for pressure 70 mTorr, high 
frequency voltage 160 V, low frequency voltage 150 V

Fig.14. Normalized ion probability density functions for  
various values of ⊥= TT /||α

In conclusion, the IEDF on the powered electrode in 
asymmetric single- and doublefrequency driven capaci-
tive  discharges  in  argon  has  been  investigated  with 
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PIC/MCC simulations. It has been demonstrated that the 
IEDF shape and width can be controlled by the driven 
voltage in a singlefrequency CCP. It has been found that 
an increase in the driven frequency leads to significant 
changes in the IEDF shape, increasing the relative num-
ber of high energy ions and decreasing the number of 
low energy ions. The IEDF width does not change if the 
frequency increases. It has been demonstrated that the 
width of the IEDF is increased by growth of the lowfre-
quency voltage in a doublefrequency CCP, and the fine 
structure  observed  in  the  singlefrequency  case  disap-
pears simultaneously. 
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ФУНКЦИИ РАСПРЕДЕЛЕНИЯ ИОНОВ ПО ЭНЕРГИЯМ И УГЛАМ В ИСТОЧНИКАХ ПЛАЗМЫ 
НА ОСНОВЕ ВЫСОКОЧАСТОТНОГО ЁМКОСТНОГО РАЗРЯДА

О.В. Мануйленко, Е.М. Минаева
С помощью численного моделирования методом макрочастиц изучены возможности управления функ-

циями распределения ионов по энергиям и углам на электродах в одно- и двухчастотном источниках плазмы 
на основе ёмкостного разряда. Показано, что функциями распределения ионов по энергиям можно управ-
лять с помощью амплитуды и частоты высокочастотной накачки, поддерживающей разряд в одночастотном 
источнике плазмы. Показано также, что функциями распределения ионов по энергиям и углам можно управ-
лять с помощью величины амплитуды низкочастотного сигнала в источнике плазмы на основе двухчастот-
ного ёмкостного разряда.

ФУНКЦІЇ РОЗПОДІЛУ ІОНІВ ЗА ЕНЕРГІЯМИ ТА КУТАМИ У ДЖЕРЕЛАХ ПЛАЗМИ НА ОСНОВІ 
ВИСОКОЧАСТОТНОГО ЄМКІСНОГО РОЗРЯДУ

О.В. Мануйленко, К.М. Мінаєва
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За  допомогою  числового  моделювання  методом  макрочастинок  досліджено  можливості  керування 
функціями розподілу іонів за енергіями та кутами на електродах у одно- та двухчастотних джерелах плазми 
на  основі  ємкісного  розряду.  Показано,  що функціями розподілу  іонів  за  енергіями можна  керувати  за 
допомогою амплітуди та частоти високочастотної накачки, яка підтримує розряд у одночастотному джерелі 
плазми.  Показано  також,  що  функціями  розподілу  іонів  за  енергіями  та  кутами  можна  керувати  за 
допомогою амплітуди  низькочастотного  сигналу  у  джерелі  плазми  на  основі  двухчастотного  ємкісного 
розряду.
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