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The characteristics of a 13.56 MHz capacitively coupled t-f glow-discharge Ar plasma are studied by 
particle-in-cell simulation. The model simulates a planar plasma device which can be approximated 
using a one-dimensional plasma model. The model has proven to be useful to investigate the effect 
of varying control parameters such as neutral gas pressure, driver frequency, applied rf voltage on 
the characteristics of the discharge. A set of equations describing the dynamics of the system are 
presented and used to give analytic scaling laws. The simulation code is used to calculate the 
pressure dependence of plasma density, sheath width, peak position of the ionization event, and 
absorbed rf power. Scaling laws relating the control parameters to other operating functions such as 
average plasma potential, central electron density, absorbed rf power are examined and these 
functions are compared with simple analytical scaling formula.. 0 1995 American Institute of 
Physics. 

I. INTRODUCTION 

The role of plasma processing is becoming even more 
important with. decreasing feature sizes on semiconductor 
wafers.’ The characteristics of deposited materials and the 
rate of its generation are mainly dependent on the condition 
under which the plasma is generated. Understanding how 
and where plasma is created and identifying creation, loss, 
and transport mechanisms for various species in the plasma 
can assist in the design and production of more efficient 
plasma sources. 

The commonly used reactor creates a discharge by radio 
frequency energy coupled to one eIectrode of a parallel plate 
system at pressures between lob2 and 10 TorrzY3 However, 
the capacitive rf sources suffer from the lack of independent 
control of ion flux and ion energy. In order to increase the 
plasma density, one raises the rf voltage, but this also raises 
the average plasma potential, increasing simultaneously the 
ion energy impacting the substrate. 

Despite the extensive use of gas plasmas, the intricate 
nature -of the gas discharge is poorly understood. This is 
mainly due to the complexity of the discharge. Electron pro- 
cesses include energy-dependent ionization, excitation, and 
elastic scattering; electron energy losses to the electrodes; 
electron ohmic heating in the sheaths and bulk plasma; sto- 
chastic heating by the oscillating electric fields in the sheath; 
secondary electron emission; and secondary electron-neutral 
ionization. Ion processes include ion energy losses to the 
electrode; ambipolar ion diffusion; ion acceleration in self- 
consistent sheaths; -and production of secondary electrons.” 
The secondary electron emission from the electrode surface 
by such ion bombardment plays an important role in sustain- 
ing the discharges. Discharges are used in pulsed-power de- 
vices, gas lasers, semiconductor etching, thin-film deposi- 
tion, and plasma modification of materials.’ 
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There are several different approaches that can be taken 
in modeling rf discharges. The fluid simulations5-8 treat elec- 
trons and4ons in the discharge as interpenetrating fluids im- 
mersed in neutral fluid. This approach assumes that the ve- 
locity distribution of the particles is Maxwell-Boltzmann 
distribution. Since in rf discharges the particle velocity dis- 
tributions are not Maxwellian, there has been continuing ef- 
fort to develop self-consistent kinetic models.’ 

A particle-in-cell (PIC) technique’0-“8 is an efficient and 
conceptually simple method of solving a wide variety of 
complex problems involving a large number of particles 
moving under the action of self-generated and externally im- 
posed forces. In this study, weakly ionized processing plas- 
mas are studied in one dimension using a bounded particle- 
in-cell simulation code with a Monte Carlo collision (PDP-1 
codej.14 We are considering a planar two-electrode r-f dis- 
charge system which can be approximated using a one- 
dimensional plasma model. 

This approach not only describes the basic dynamics of 
the discharge, but can be used as a tool to predict the corre- 
lations among different parameters of the discharge. There- 
fore, it is possible to do parametric studies using this ap- 
proach. Given the control parameters p (neutral gas pressure), 
Z(system length), Vrf(applied rf voltage), @(driver fre- 
quency), and y(secondary electron emission coefficient), the 
PDP-1 coder2’14 has been used to obtain the time evolutions- 
of TJelectron temperature), n,(plasma densityj, P&f 
power), Ji(ion current density to the electrode), Jrf (rf cur- 
rent density), i(sheath width), VJsheath potential). 

Using the code, the dependence-of the sheath width, the 
plasma density, the electron and ion energy distribution, the 
spatial distribution of the plasma density and potential on the 
control parameters are caIculated and compared with other 
simulation results.‘9*20 The dependence of these functions on 
the applied rf voltage, Vrf , is also investigated. 
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II. SCALING LAWS OF THE CAPACITIVE rf 
DISCHARGE 

Most of the complexity of rf discharge plasmas arises 
from the fact that many plasma parameters are interrelated. 
The state of a discharge is specified once a complete set of 
control parameters are given. The remaining plasma and 
equivalent circuit parameters are then specified as a function 
of the control parameters. Given the control parameters 
p,Z,Vrf,o, the models to determine a,,T,,s,Jrf,P,.f have 
been developed!z2’,2” These models were based on simple 
approximations and needs to be verified to be valid for a 
broad range of experimental conditions. A self-consistent 
analytic solution for the dynamics of a high voltage capaci- 
tive rf sheath driven by a sinusoidal voltage source was 
obtained?1-23 

The electron sheath oscillates between a maximum 
thickness and a minimum thickness of a few Debye lengths 
from the electrode surface. The power is transferred to the 
charged particles in the discharge by t-f fields in the sheaths 
and bulk plasma. The power gained by the sheath and bulk 
electrons through Ohmic heating (So& and through sto- 
chastic heating (s,,,,) by the oscillating sheath plasma 
boundaries is written as’ 

&= Lot f %hm-. 
The stochastic heating and Ohmic heating scale as 

s &,,-- 1.73~~,,w?z~,T:“v,1, 

where m is the electron mass, e is the electronic charge, ee is 
the permittivity of vacuum, v, is the electron collision fre- 
quency with neutrals, 1 is the plasma length, T, is the elec- 
tron temperature, and V, is the fundamental rf voltage. Ser 
must be equal to the power lost by collisions to the neutrals 
(SC& and also by escape from the plasma to the electrode 
&SC) 

S=[=ScollCSesc~nsUBEc, 14 

where E, is the electron energy loss per ionization event, 
n, is the electron density at sheath edge, and ug is the Bohm 
velocity. 

The rf supply provides power to the ions escaping the 
plasma, the secondary electrons being injected into plasma, 
and the thermal electrons in the plasma. The total power 
absorbed by the plasma is 

s abs=2en,uB(ei+~,+2T,), (5) 

where .ei is the ion kinetic energy which is almost equal to 
the average sheath potential, c. Here the electron portion 
equates to SeI of Eq. (I), 

~,I=2ens~B(~,+2T,). (6) 

Assume ec%T, and that the stochastic heating term is domi- 
nant(S,I=s,,,,), then combining Eq. (2) and Eq. (6) gives 

dV, 
n cc----. s 

EC 

For low sheath voltage, Ei~E, 

For high sheath voltage, Ei~,E, 

0274”T/;2 

s r f 
EC 

(7) 

(8) 

(9) 

From the Child-Langmuir law, 

j73/2 
gee - 

%UB ’ 
(10) 

v is the average sheath potential which is the sum of a dc 
component and the average of an ac component 
(V,,-0.32Vrf). When the electron temperature is a little 
higher (e.g., 5 V), V-0.45V,. 

Using Eqs. (1) and (4) we obtain’7 

,112 

.7x--- 
OT~i4JKOhm+KsrocV1n’ 

(11) 

where we used ? m V, , Kohm , K,,, are constants. At low 
pressures the Ohmic heating is small compared to the sto- 
chastic heating. Most of the Ohmic heating occurs at the 
plasma edge. 

Simple scaling formulae for predicting the behavior of 
some plasma parameters are derived in Eqs. (8), (9), (11) and 
these are compared with simulation and experimental results, 
finding good agreements. We wish to obtain scaling laws that 
can estimate a wider set of plasma parameters, however, the 
various regimes have different coefficients in the scaling, and 
sometimes different scalings. .Therefore, it should be noted 
that the scaling laws presented here are not universal, and are 
restricted to a specific parameter regime. 

Ill. RESULTS AND DISCUSSIONS 

The simulated device has an area of O.OOlm’ electrodes 
separated by 5 cm and operated at 13.56 MHz. A blocking 
capacitance in the external circuit is chosen to be Cb = 100 
pF. The applied rf voltage is held at 200 V, and the neutral 
gas pressure varies from 3 mTorr to 800 mTorr. The second- 
ary electron emission coefficient due to ion bombardment to 
the electrode is arbitra.rily chosen to be 0.2 throughout this 
simulation. 

Figures 1 and 2 show the spatially averaged plasma den- 
sity and the sheath width as a function of neutral gas pres- 
sure, respectiveIy. As the neutral gas pressure increases, the 
plasma density increases as PO.‘* while the sheath width de- 
creases as s m p -“.32 in a low pressure region (60 - 200 
mTorr), and s m p -“.51 in a high pressure region (200 - 500 
mTorr). The collisions between charged particles and neu- 
trals modify the character of the discharge and .sheath. Mut- 
sukura et al. investigated the pressure dependence of the 
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FIG. 1. Average plasma density as a function of gas pressure. 

sheath thickness experimentally and analytically,” and their 
results are in agreement with the present simulation. 

Figure 3 indicates the peak position of the ionization rate 
together with the sheath position at the driven electrode. The 
averaged ionization and excitation collision rates have rela- 
tively large values near both electrodes. Very near the elec- 
trode, the electron temperature is higher than in ‘the bulk 
especially when the gas pressure is low, however, here the 
electron density is very low, resulting in very low ionization 
and excitation rates. A little distance away from the elec- 
trode, the average electron density becomes appreciable and 
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FIG. 2. Driven and grounded electrode sheath width as a function of gas 
pR”WIE. 
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RG. 3. The position from the driven electrode of the sheath and the ioniza- 
tion peak as a function of pressure. Here the gas pressure is 60 mTorr. 

rate constants are still high. This results in high ionization 
and excitation rates around the plasma sheath edge. The 
points of maximum collision rate move closer to the elec- 
trodes as the pressure increases, and the sheath width shows 
the same behavior. The secondary and reflected electrons. 
which are accelerated-and heated in the sheath are respon- 
sible for the majority of the ionizing collisions and negative 
glows near the electrode. At intermediate pressures (150-m 
400 mTorr) the dark space width agrees with the mean free 
path (also sheath width).24 

Figure 4 shows the calculation of the absorbed rf power 
Prf vs p for two different values of applied rf voltage. Again, 
the variations of P,.f with p are in reasonable agreement with 
the analytic formula, Eqs. (l)-(4). Misium et al. showed 
that, at least at lower pressures, the dominant heating mecha- 
nisim is a stochastic heating, that is, electron collisions’with 
the oscillating sheam In this work, the pressure range below 
60 mTorr has not been explored, so the accurate scaling cov- 
ering whole pressure range has not been obtained. However, 
at a low pressure region, the power scales as mp”.5 which is 
different from Ohmic heating case (p’) of Eq. (3). There- 
fore, we may state that the stochastic heating is dominant 
over the Ohmic heating. For Vrf= 200 V, the power increases 
as p”.45, and for V,.,=500 V, the power increases as p”.65. 
This can be accounted for as the increasing portion of Ohmic 
heating with increasing Vd. A similar scaling is found in the 
experimental results of Wood,‘4 Godyak et uL.,~ and the re- 
sults typical in commercial etching reactors.25 

The power deposited into the system, the central electron 
density, the average plasma potential are plotted as a function 
of applied rf voltage in Figs. 5, 6, 7, respectively. In Fig. 5, 
we can note that the power scales as -Vi: which is between 
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FIG. 4. Absorbed power vs pressure for two values of applied rf voltage. 

V$ of Eq. (8) and V$ of Eq. (9). This indicates that the value 
of rf voltage used in this study is in the intermediate range 
between those of Eqs. (8) and (9). The experimental results 
of Wood also exhibit a similar scaling as I$. * In Fig. 6, the 
central electron density scaIes as c? contrary to Vi, of EQ. 
(7). The experimenta results of Wood were n, cc V’.15 (at 
p = 3 0 mTorr). In Fig. 7, the average plasma potential%ales 
as -0.32Vrf because of a lower electron temperature than 5 
v ( v- 0.45v,f) .21-23 

Vow 1000 
v, ( volt ) 

FIG. 5. Absorbed power vs applied rf voltage. Here the gas pressure is 
60 mTbrr. 
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FIG. 6. Central electron density vs applied rf voltage. Here tbe gas pressure 
is 60 mTorr. 

Figure 8 shows the rf power absorbed in the discharge as 
a function of driver frequency at a fixed pressure. The power 
scales as w2 which is in good agreement with Eqs. (8) and 
(9). As one can see in Ag. 9, the sheath width at the driven 
electrode is inversely proportional to the driver frequency as 
Co2 contrary to Eq. (ll), while in Fig. 10 the plasma den- 
sity scales as w”.’ contrary to Eq. (7). Equations (7) and (11) 
are based on a lot of assumptions and also depend on param- 
eter regimes. The sheath width depends on applied rf volt- 

800 

FIG. 7. Tie-average plasma potential vs applied rf voltage. Here the gas 
pressure is 60 mTorr. 

6444 J. Appl. Phys., Vol. 78, No. 11, 1 December 1995 Chung, Yoon, and Lee 

Downloaded 05 Jul 2002 to 169.237.141.24. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



Frequency ( MHz) 

FIG. 8. Absorbed power vs driver frequency. Here the gas pressure is 
60 mTorr. 

age, neutral pressure, plasma density, driver frequency, and 
electron temperature in a complicated way.21,“2 Since these 
parameters are also interdependent, the sheath dependence 
on driver frequency is not simple. Those complexities can 
account for ..some discrepancies associated with the fre- 
quency dependence. To obtain the accurate and general scal- 
ing laws, the comparison between two-dimensional fluid 
simulation and PIC simulation is currently under 
development.28 
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FIG. 9. Sheath width as a function of driver frequency. Here the gas pres- FIG. 11. Sheath width a$ a function of rf voltage for two different values of 
sure is 60 mTorr. pressure. 
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FIG. 10. Plasma density as a function of driver frequency. Here the gas 
pressure is 60 mTorr. 

Figure 11 shows the sheath width as a function of ap- 
plied rf voltage for two different values of gas pressure. For 
both cases the sheath scales as V$= which proves Eq. (11) in 
the stochastic heating dominant region. Experimental mea- 
surements in plasma discharge are sensitive to the specific 
equipment, configuration, and operation. Therefore one 
would not necessarily expect experiments to be directly com- 
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FIG. 12. EZffect of rf voltage on the energy distribution of ions hitting to tlie FIG. 13. Effect of driver frequency on the energy distribution of ions hitting 
electrode (a) V,f= 100 V, (b) 300 V, (c) 600 V. Here the gas pressure is 60 to the electrode (a) 10 MHz, (b) 20 MHz, (c) 40 MHz. Here the gas pressure 
mTorr. is 60 mTorr. 

parable to analytic predictions and simulation results. But it 
is worthwhile to obtain scaling laws using simulation to 
compare to the analytic predictions and experimental results. 

Ions entering the sheath from the plasma are accelerated 
when they cross the driven electrode sheath. Arriving at the 
driven electrode, ions have accquired a kinetic energy of the 
sheath potential difference, which is the sum of the average 
plasma potential and the dc bias voltage, and hit driven elec- 
trode. Jir collisionless sheaths, the crucial parameter deter- 
mining the ion energy distribution is rion /Q-~~ (‘ion is the ion 
transit time through the sheath and T,.~ is the rf period). If we 
assume a collisionless Child-Langmuir sheath,“’ 

Tion 3SO A4 ‘I2 -=--- - 
7rf ( 1 27r zajT ’ ‘02) 

where M  is the ion mass. Figures 12 and 13 show the effect 
of applied rf voltage and driver frequency on the energy 
distribution of ions hitting the driven electrode, respectively. 
We can observe in Fig. 12 that as the applied rf voltage 
increases the high energy portion of the ion energy distribu- 
tion increases. As the driver frequency is raised, Tion/r,f 
increases and then ions take many cycles to Gross sheath and 
can only respond to average sheath voltage, and the two 
peaks of the ion energy distribution approach each other. But 
in Figs. 13(a) and 13(b), the second peak in bimodal shape 
energy distribution are not shownsince those are too small.2” 
In Fig. 13, it is seen that as the driver frequency increases the 
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high energy portion of the ion energy distribution increases. 
This can be explained as the increase of driver frequency 
reduces collisions between ions and neutrals, thus resulting 
in higher ion energy. These results agree well with many 
experimental and simulation results.26V27 

IV. CONCLUSIONS 

The characteristics of a 13.56 MHz capacitively coupled 
rf glow-discharge Ar plasma are studied by particle-in-cell 
simulation. The model simulates a planar plasma device and 
calculates the effect of varying control parameters such as 
neutral gas pressure, driver frequency, applied rf voltage on 
the GhaEiCteriStiCS of the discharge. The pressure depen- 
dences of piasma density, sheath width, peak position of the 
ionization event, and absorbed rf power are investigated. 
Scaling laws relating driver frequency and applied rf voltage 
to other operating functions such as plasma potential, central 
electron density, absorbed rf power are examined with nu- 
merical simulation and compared with simple analytical scal- 
ing formulae. Cases of various applied rf voltages and driver 
frequencies are shown. The simulation results are generally 
in good agreement with analytic scaling formulae. There are 
some discrepancies between the analytic predictions and 
simulation results. The reason for this is not clear at this 
point but is probably due to more complicated nature such as 
three-dimensional effect which has not been included in the 
one-dimensional PIC simulation Scheme. However, the re- 
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suits of this study show that a PIG! simulation can capture 
many main features predicted by the analytic model. The 
results can provide a useful tool for the design and analysis 
of plasma reactors. 
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