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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.
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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 Ax was small enough to resolve

Debye length. The time step A ¢ was less then the mini-

mal time scale in the discharge, and @ ,,A7< 0.1,

where W ,, — electron plasma frequency. The “Courant

condition for particles” vA¢/Ax < 1, 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:
ArO[107%,107"] sec, AxO [40107*, 4010 ] em.

In conventional PIC/MCC simulations numerical
fluctuations are  inversely proportional to

JNp, t N, ,where N, isthe number of macropar-

ticles per Debye length, and N, 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 N, and N, (which is

proportional to N ;) 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 N, =8 (left) and
N,.; = 1000 (right), respectively. The modeling done
for pressure 90 mTorr, electrode spacing 1.3 cm, driven
voltage 120 V, frequency 30 MHz, Ax0 40107° cm.
Asit 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 N, = 8 (left) and
N, = 1000 (right), respectively
Fig.2 shows the maximal 7)™ and minimal Temm elec-

tron temperatures in the capacitively coupled plasma
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source vs . As it follows from Fig.2, Temin strong-

cell

ly depends from &V,

cei - The maximal plasma density vs

N, is presented in Fig.3. Same as for Temin , the max-

imal plasma density strongly depends from N, . Asit

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

250 in the conventional particle smulation. 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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3. RESULTS AND DISCUSSION

Figure 4 shows the IEDFs on the powered electrode
for various driven voltages Vhf (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 T, , is

greater then RF periodl ;. 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

T, 1
N = o - 1
Ly 142 (1)
elU

2 2, U=V, Vs is the bias volt-

[] e —
where 47 2 thfS

age, V. is the self-bias potential, Vp is the plasma po-

tential, fhf is the driven frequency, S§ is the sheath

thickness, € is the ion charge, and Af 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 Vhf. 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 Vhf (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 Vhf .

The maximal plasma density and ion fluxes onto elec-
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trodes vs Vhf are presented in the inset of the Fig.5 (up-
per graph). The self-bias V. and plasma Vp potentials

Vs Vhf 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 Vhf~

The plasma potential Vp and self-bias voltage V., and
so, the maximal ion energy, have almost linear depen-
dence against Vhf. 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 Vhf

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] sL f h}o * 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

s
graph), whenA— 03, where /\i 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

s
graph), whenA_D 10, 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 £, ;;r . The

plasma potential and self-bias voltage, and so, the maxi-
mal ion energy, weakly depends on frequency. That is

. 2
why ion fluxes onto electrodes scales as f, nr - Thus the

ion fluxes onto el ectrodes can be controlled by driven fre-
guency 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 160V, 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 S/ A, . 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 160V, 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.10. IADF's on the powered electrode for different
LF (2 MHz) voltages. High frequency (30 MHz) voltage
is 160V, pressure 70 mTor. Vertical scales have been
shifted to separate plots. Unshifted IADF's 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 3°. 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. lons 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. lons with en-
ergy less than 10 eV have been created at the electrode by

r@)s= ]"d¢ J vzdvj sin@ )dd (nvcos@ ) (v.9) .

Integral can be easy calculated:

F@)- Mo Tsin’6)
4 1+ @ - DGsin®@)

8kT, 1
where <VH>: ﬁ, a = T_H Forg =1 and ¢ :%
0

the charge exchange and ionization collisions.
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Fig.11. Collisionless IADF's on the powered electrode
for different low frequency (2 MHz) voltages. High fre-
quency voltage is 160V, 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

n\v
we obtain well known result: [ = —> The IADF is
’ 4
defined as probability density function dl (§ ) :
A n(v,) 2a (in(? ) cos(@ )d9
4 (1+ (@ - DGin’ @)
Fig.14 shows normalized to [ , probability density

functions dl (§ ) for various values of 0 . As follows
from Fig.14, and analitical expression for dl @),

whend - Othedl (§)- O.Whena >> 1 the an-

gular distribution is anisotropic and most ions impact
the electrode with near-normal incidence.

—m— Energy=[ 0, 10] eV
—e— Energy=[ 50, 60] eV

0.8

1.0

A

0.8

—a— collisionless
—e— collisional

fo
0.61]
[ ]

IADF, deg.”

041

0.6
0.4

®

0.2

L =

hs

0.0

IADF, deg.”

\
L ]
'
L ]
|
[ ]
|
*
® 3 6 9 12 15

‘\ Angle, deg.

<

Charge exchange processes

\

0.2 -

L

0.0

v
o E Elastic collisions

3 6 9
Angle, deg.
Fig.12. IADF’s 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-
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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
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Fig.13. Energy resolved IADF for pressure 70 mTorr, high
frequency voltage 160V, low frequency voltage 150 V
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of exact calculations with the model ion velosity distri-
bution functions on the electrode:
mv: mv;
lexpH- ——- ——H.
2T, 24T,

SOy 7 0
In spherical coordinates IADF is given by

2m kT, \ 2m kT,

Fig.14. Normalized ion probability density functions for
various values of 0 = TH /T,
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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OYHKIWU PACIIPEJAEJEHNA NOHOB I10 QHEPI'UAM U YI'JIAM B UCTOYHUKAX T1JIA3BMbI
HA OCHOBE BBICOKOYACTOTHOI'O EMKOCTHOTI'O PA3PSJIA

O.B. Manyiinenxko, EEM. Munaesa

C NOMOIIBIO YHCIEHHOTO MOJIEMPOBAHUSI METOJJOM MaKpO4acTUL] M3y4eHbl BO3MOXXHOCTH YIpaBIICHUsT (YyHK-
IUSIMU pacIipeiesIeHHs] HOHOB TI0 SHEPTUSAM U yTiIaM Ha 3JIEeKTPoax B OJHO- U ABYXYaCTOTHOM MCTOYHMKAX IJIa3MBbl
Ha OCHOBE EMKOCTHOTO paspsza. [loka3aHo, 4ro (pyHKIMSIMH pacmpeneNeHuss HOHOB IO 3HEPTHSAM MOXKHO yIpaB-
JISITH C TIOMOIIBIO aMIUIUTYABI M YaCTOTHI BBICOKOYACTOTHOM HAaKadKH, MOANCPKUBAOLIECH pa3psi] B OAHOYACTOTHOM
HCTOYHMKE Tu1a3Mbl. [TokazaHo Takxke, 9T0 QYHKIHMIMH pacipeieIeH s HOHOB 110 SHEPTUSIM U YIIIaM MOXKHO YIIpaB-
JSITH C TIOMOIIBIO BEJIMYMHBI aMIUIUTY/Ibl HU3KOYACTOTHOTO CHTHANIA B MICTOYHMKE IUTa3Mbl HA OCHOBE JIBYX4YacTOT-

HOTO EMKOCTHOTO paspsiza.

®YHKIII PO3NO/ILTY IOHIB 3A EHEPTTSIMA TA KYTAMM Y JIKEPEJIAX IIJTA3MHA HA OCHOBI
BUCOKOYACTOTHOI'O €EMKICHOI'O PO3PANY

O.B. Manyitnenxo, K.M. Minacea

121 BOITPOCHI ATOMHOU HAYKHU Y TEXHUKU. 2006. Ne 5.
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3a JIONOMOTrOI0 YHCIIOBOTO MOJICTIOBAHHS METOJOM MAaKpOYaCTHHOK JIOCHI/UKEHO MOXKIIMBOCTI KepyBaHHSI
(GYHKIISIMHM PO3MOALTY 10HIB 32 €HEprisiMU Ta KyTaMHU Ha eJIeKTPOoJlaX y OJHO- Ta ABYXYAaCTOTHUX JDKEpeNax Iia3Mu
Ha OCHOBI €MKiCHOTO po3psay. Ilokazano, mo (QyHKISIME pO3NOITY iOHIB 3a CHEPTiiMH MOXHA KEpyBaTH 3a
JOTIOMOT0}0 aMILIITYyJH Ta YaCTOTH BHCOKOYACTOTHOI HAKAYKH, KA MATPUMYE PO3PSA y OXHOYACTOTHOMY JKeperni
ra3Mi. [lokazaHo TakoX, IO (YHKISIMH PO3MOJITY iOHIB 32 €HEprisiMM Ta KyTaMH MOXHa KepyBaTH 3a
JOTIIOMOT0K0 aMIUTITYId HHU3bKOYAaCTOTHOTO CHTHANY Y JDKEpeNdi IUTa3MH Ha OCHOBI JIBYXYaCTOTHOTO €MKICHOTO

po3psiny.
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