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Numerical investigation of ion-energy-distribution functions in single
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lon-energy-distribution functionlEDFs) are numerically investigated in capacitively coupl@d) radio
frequency(rf) Ar/CF, /N, discharges by a one-dimensional particle-in-cell/Monte Carlo model. The simulation
considers electron-neutral collisions, various kinds of collisions of ions ;(A]Fr; , Ng“ , F~, and CR) with
neutral, positive-negative ion, and electron-ion recombination. The influence of pressure, applied voltage
amplitude, and applied frequency on the'ArCF; , and N IEDFs is presented. The dependence on the
frequency regime is investigated by simulations of the Ay, mixture in single(13.56 MH2 and dual
frequency (2+27 MHz or 1+27 MHz) cc reactors. A comparison of the simulation results with analytical
calculations in a collisionless rf sheath is discussed. The results show that the IEDFs shift toward the low
energies with increasing pressure or decreasing applied voltage amplitude. Trend\mN; IEDFs exhibit
secondary maxima due to the charge transfer collisions. Thg IEPF has a peak at high energies in
consistency with the average sheath potential drop. The IEDFs in the dual frequency regime are broad and

bimodal.
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I. INTRODUCTION

PACS nuni)er52.65.Rr, 52.65.Pp

The sheaths in conventional rf etching reactors are typi-
cally collisional. Analytical models assume limiting approxi-

In plasma etching the kinetics of the ions incident on themations such as constant sheath width, sinusoidal sheath po-
wafer is crucial in determining the etch rates and anisotropytential drop, etc., and therefore give only the qualitative

This explains the extensive experimenfal-8|, analytical

[9-11], and numerical2,3,10,12—1% studies of the ion-
energy-distribution functiodlEDF) in capacitively coupled

features of the IEDF. Experimental measurements as well as
numerical methods present more reliable results. Particle-in-
cell (PIC) simulations of rf discharges are attractive for cal-

(cc) radio frequency(rf) reactors. A good review and analysis cyjation of the particle energy distributions since the distri-
of theoretical and experimental investigations of the IEDFytjons can be obtained self-consistently from first principle
are given by Kawamurat al. [10]. The main points can be [17] coliisional effects are included by coupling the PIC

summarized as follows.

(@) In collisionless sheaths the crucial parameter deter

mining the shape of the IEDF is the relatieg,/,;, where
Tion IS the ion transit time and,;=27/w, is the rf period.
The ion transit time is calculated 0]

M
Tion™— 35| ——
2eVq

wheres is the time-averaged sheath thicknegs,s the av-
erage sheath potential drold, is the ion mass, and is the
electron charge.

If 7ion/ 7=>1, i.e., at high frequencyHF), the ions re-

1/2

: D

model with a Monte CarlgMC) collision method 18-20.
" Most of the experimental and numerical papers deal with
an Ar plasma because of its simple chemisffy-3,5—
7,13,16. Feed-gas mixes are usually complex because of the
conflicting requirements on the etch rate, selectivity to mask,
and anisotropy. Carbon tetrafluoride LB a basic compo-
nent in gas mixtures for plasma etching of silicon and silicon
dioxide [21]. The purpose of the present work is a detailed
numerical investigation of Ar, CF} , and N, IEDFs in cc
rf Ar/CF,/N, discharges at a range of different pressures,
applied voltages, and frequencies, by means of a one-
dimensional PIC/MC method.

In our first paper we presented a one-dimensional
PIC/MC model and clarified the plasma structure and param-

spond to the average sheath potential drop resulting in aters in Ar, Cz, and Ar/CR dischargeq22]. In the next
narrow IEDF with one or two maxima depending on thepaper the model was extended to examine the discharge

value of 7o/ 75 . If Tion/ 74<<1, i.€., at low frequencyLF),

structure in a mixture of Ar, CFand N, which is a feed-

the ions respond to the instantaneous sheath potential dragpock gas for etching in industrial cc dual-frequency reactors

resulting in a broad and bimodal IEDF.

[23]. Simulations were performed for a 0.8/0.1/0.1 ratio of

(b) In collisional sheaths charge exchange collisions leaddr/CF,/N, mixture at a pressure of 30 mTorr in single
to the appearance of secondary maxima at energies low¢t3.56 MH2 and dual (2-27 MHz) frequency cc reactors
than the primary maxima, and both charge exchange anand a comparison between the two frequency regimes was

elastic collisions shift the IEDF to lower energies.
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made. The calculated IEDFs were presented along with other
results of the model, i.e., potential and electric field distribu-

tions, particle densities, and electron energy distribution
function. The results show that the LF-HF scheme provides a

©2004 The American Physical Society
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Il}i locity space PIC/MC algorithm. The motion of the charged
) particles is simulated by the PIC method using the standard
e explicit “leap frog” finite difference scheme. The collisions
T:[‘ 20cm Waf‘f’ between the charged particles are added by combining the

PIC model with a MC procedurfl8-20. In the case of
modeling of electronegative discharges the major disadvan-
tage of this method is that it requires a long computational
time to reach convergence. The negative charges are con-
fined in the bulk plasma and the only the loss mechanism,
FIG. 1. Schematic diagram of the dual frequency reactor.  i.€., ion-ion recombination, has a relatively low reaction fre-
quency. Kawamurat al. point out many physical and nu-

significantly wider ion bombardment energy range in com-merical methods of speeding up the PIC calculatif8t.
parison with the single HF configuration. Although severalSome of these methods, such as longer ion time steps, dif-
other works investigated plasma properties in dual frequencferent weights for electrons and ions, and improved initial
reactors by experimental measurements or numerical simulglensity profiles, are also applied in the present simulation. A
tions [e.g., Refs[16], [24—3(] detailed studies of the ion more detailed description of the PIC technique can be found
bombardment energy are very scarce. For example, only tH8 Birdsall and Langdoh17].
average ion bombardment energy is given in REf4—26. The charged species, which are followed in the model, are
Myers et al. predicted ion energies and angular distributionselectrons, Af, CF;, Ny , F~, and Ck ions. The interac-
in single and dual frequency regimes by combining a singldions between the particles are treated by a Monte Carlo
and dual frequency plasma sheath model with a Monte Carlénethod, which is basically a probabilistic approach. To cal-
simulation of ion transport16]. culate collision probabilities, it is necessary to have the cor-
In the present paper the simulations are carried out over &sponding collision cross-section data, which are not always
wide range of pressure, applied voltage, and frequency. On@vailable. Hence, the present model uses several techniques
group of calculations is performed for an applied voltageto define the collision probabilities even when the collision
amplitude of 300 V at pressures of 20, 30, 50, 70, 100, an@ross sections are unknown.
200 mTorr. Another group of simulations is carried out for ~ The electron-neutral collision probability is determined by
applied voltage amplitudes of 200, 300, 500 and 700 V at dhe null collision method based on cross section {ike20.
pressure of 30 mTorr. Both groups consider a conventionalhe Ar"-Ar, Ar*-N,, N;-N,, and N -Ar collision prob-
cc rf (13.56 MH2 reactor. The dependence on the frequencyabilities are calculated in the same way. The other ion-neutral
regime is investigated by simulations of the Ar/@ZN, mix-  elastic and reactive collisions included in the model are cal-
ture at a pressure of 30 mTorr in singl#3.56 MH2 and culated by an ion-molecule collision model for endothermic
dual frequency(2+27 MHz or 1+27 MH2) cc reactors. An  reactions[32]. The positive-negative ion recombination and
analytical model of the IEDF in a collisionless rf sheath in aelectron-ion recombination probabilities are determined from
dual frequency reactor is developed and a comparison of th@ recombination rate consta#3]. The outlines of all tech-
simulation results with the analytical results is discussedniques are given in our previous papef82,23. The
The time evolution of the IEDF during the rf cycle is also electron-neutral collisions considered in this simulation,
presented. along with the corresponding threshold energies and refer-
In Sec. Il the input parameters, the outline of the numeri-ences, are presented in Table .
cal and analytical models, and the collisions included in the The Ar*-Ar and N, -N, elastic isotropic and backward
simulation are given. In Sec. Il the results of the simulationsscattering(to simulate charge transfecross sections are
for Ar*, CF;, and N IEDFs are presented and discussed.taken from Phelp$38]. The cross section data for nonreso-
Finally, in Sec. IV a summary is given. All cross section datanant charge transfer betweenAand N, and between K
of the ion-neutral collisions used in the model are presentednd Ar are adopted from Spalburg and Gislaf8@i.
in the Appendix. A complete overview of the ion-GReactions considered
in the model(127 in tota) and of the corresponding thermo-
dynamic threshold energies, is given in R@2]. Because of
Il. DESCRIPTION OF THE MODELS the importance of ion-neutral collisions for the calculation of
A. PIC/MC model the IEDF all data used in the model are presented in the form
of cross sections in the Appendix. The positive-negative ion
%nd electron-ion recombination reactions, the corresponding
rate constants, and the references, are presented in Table II.

27 MHz(™) (™) 2 MHz
1

Two types of reactors are considered in this study. On
type is the conventional cc (13.56 MH2 reactor. The other
type is a cc dual frequendy.F-HF) reactor and its schematic
diagram is shown in Fig. 1. The plasma is sustained between . .
two parallel plates, each 20 cm in diameter and SeparateoB'Analytlcal model of the IEDF in a dual-frequency reactor
from the other by 2 cm. One of the electrodes is driven by a The bombardment IEDF is determined by the potential
dual frequency(2+27 or 1+27 MHz) power source. The difference across the sheaiy(x,t), the collision frequency
other electrode is grounded. The computation is based on @e., gas pressuyethe sheath widtts, the mass of the ions
one-dimensional coordinate space and three-dimensional v&4, and the applied frequenay; . In the literature, a number
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TABLE I. Electron-neutral(Ar, CF,, N,) collisions taken into  with an energy widthAE [11]
account in the model.

; greV, [ 2eV | "
Reaction e (V) Ref. E= 30,5 | M (4)
I

e+Ar—e+Ar [34]
e+Ar—e+ Ar* 115 [34] It is clear that the result of the analytical model presented
e+ Ar—2e+Art 15.8 [34] above cannot be applied for_the dual fr_equency regime,
e+Ny—e+ N3 (Y)? [35] shown in Fig. 1. To develop a simple analytical model for the
e+Ny—2e+N; (V)P 156 [35] d_ual frequency regime we make the same assumption as in a
e+N,—2e+N; (B 23) 18.8 [35] single HF reactor, except for the wave form of the sheath
e+ CF—e+CF, [36] pc_)tent|al, i.e., a collisionless sheath _and a constant_ sheath
e+ CF,—e+ CFy(v1) 0108 [36] width are assume.d. The applied voltage ¥
e CF, e+ CF,(v3) 0.168 [36] =VH_Fsm(wHFt) + V| g sin(w gt), WhereVHF_ andV g are the
e+CF4He+CF4(v4) 0.077 [36] amplitude, andwe and w ¢ are the applied HF27 MH2)

4 4 ' and LF(1 or 2 MH2), respectively. In our simulation the two
e+CF4HefCF§ 7.54 [36] rf sources have the same voltage amplitude, which has a
e+tCh—F +Cf3 64 [36] value of 700 V. The numerical simulation result of the po-
e+CF,—F+CF, 5 [37] tential across the sheath at the driven electrode in 2 LF
e+CR—et+F +CF; 12 (37] cycles for the (2-27) MHz case is presented in Fig(a@
e+CF,—2e+F+CF; 16 (36] The calculations give also the values of the mean sheath
e+ChR—etF+Ch 12 [36] potentialV and the average sheath widghwhich are used
e+CF,—e+2F+CF, 17 [36]

in the analytical mode(see below. Figures 2b) and Zc)
e+Ck—e+3F+CF 18 [36] show that the sheath potential drop at the driven electrode is
better described with the product of 2 harmonic functions
than with the sum of them:

aN2*(Y)=N, (v=0-8,A 33, B3I, W3A, B’ 33, a’ 13, a 111,
w A, C3II, E 3%, a” '3, and “sum of singlets,” including dis-
sociation).

BN (Y) =N (X 25 andA 2IT). V(1) =V 1+Nisiwpet) ][ 1+ Nz siwet)],  (5)

of simple analytical models have been applied for a coIIi—Where)‘l and\, are parameters and, A;=<1. The param-

sionless sheath, assuming a sinusoidal sheath voltage aﬁ&ers.)‘l .and A2 are detgrmmed from the pldFig. 2(a)]
constant sheath widtf9—11]. In HF regime the ions cross cC"'Sidering two time pomts_ab.LFt:w/Z and_‘”LFt:3_7T/2'

the sheath in a time corresponding to many rf cycles and theyhe average sheath potentiaj is calculated in the simula-
respond to the average sheath potential d?gp If the time  toN. It should be mentioned that when the primary frequency

: : is,,much higher than the secondary frequency, as in the
?{E space dependence of the sheath voltage is described gpésent reactor, the IEDF and energy width equations are the

same for the two analytical waveforms\éf(t), presented in

_ A3 Figs. 4b) and Zc). However, the calculated; andX , differ
Vs(X,t) =V[1+A Sin(wrft)](g) : (2)  alot, which results in a big difference in the energy width
AE [see below Eq(13)].
where\ is a parameter and< 1, andx is the position of the Next, we assume a spatial dependence of the sheath volt-
ion in the sheath, then the IEDKE) of the ions with con-  age Vs(x,t)=V(t)[x(t)/s]** [see Eq.(2)], providing that
stant fluxI" is a saddle-shaped distributi¢hl] there are no electrons in the sheath, i.e., eMpkTe)<1
)\ 2 1 [11,21. Therefore, the equation of motion is
— 2 J—
f(E)= wrAE 1- E) (E—eVy) : (©)) a2 4 eV, _ _ x| 13
a3 - [N S'”(wHFt)][1+)\ZS|r(wLFt)](g)
TA.BLE Il Pos.itive-nega.tive ioq and electron-positive ion re- (6)
combination reactions considered in the model and the correspond-
ing recombination rate coefficients. To make an analytical integration of E@) we assume that
Reaction Rate constat¥s) Ref. :Ce(zz é?grg:gr:’(ti.) el[i i:]l'ose to that corresponding to the average
F +Ar —F+Ar 1.0x10° 13 [40] — 13
F~+CFj —F+CFq 1.0x10°13 [40] X(t) | 1[2eVs 3
CF; +Ar* —CFy+Ar 1.0x10 13 [40] T_{g( M ) (t=10)%, @
CF; + CF; —»CF;+CF, 1.0x10*® [40]
e+CF; —~CRy 3.95<10 Y% \T,T, [33] wheret, is the time at which the ion enters the sheath. This
e+N; —2N(*S) 4.8x 10 13/300/T(K) [41] approximation is valid as long as the ion transit timg, is

longer than or equal to the rf period. In our case this applies
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1400 4 a) dZX - 2 ZeVS 3/2 .
s a2 " o2l v | [1TAisin(epet)]
E :
E X[1+Nzsin(oet)](t—tg). 9)
2 700 (MM MY
; AT / l i Taking into account thaby > w ¢ and Eq.(8) is true, the
g ' “' , l time integration of Eq(9) yields the velocity
72}
. Il dx 2 <2evs) ¥
L L I A R —_— = | —
T thanse 3n 4z dt 982wEF M
1
1400 - b) X EwEF(t_tO)Z_)\ZwLF(t_tO)COiwLFt) .
s (10
= 200 The time of arrival at the electrode [x(t;) =s] is obtained
= .
£ from the average ion pattY):
- 1/2
(ti—tg)=3s| — (11)
0 T T | zevs
b 2n 3n 4n
Phase Thus, the energy of the ions arriving at the electrode is
1400 o e 2\, [26eV, 172 t 2
=e\Vs 35w\ M co wrty)
S 700 _
= _ an, [2eVv.\"?
: ~eVy 1- 35w | M cowrty) (12)
g 0
and it is spread over the energy widlie, centered aé Vs,
-700 T T T 7\ T 3\ T 47\.5 8)\2 ZGVS 2
Phase AE= 3soe| M ' 13

FIG. 2. Sheath potential at the driven electrode in the dual fre—. . . .
guency(27+2) MHz reactor in 2 LF cycles(a) numerical result, Finally, we obtain the |EDF(E) of the ions with constant

(b) analytical function  V(t)=VJ 1+ N\, sin(wuet) 1[1 flux I'=dN/dt,

+\,sin(wet)], and (c) analytical function V(t)=VJ1 dN dN/dE\1!
+ Xy Sin(wyet) + N5 sin(w,t)]. The applied voltage amplitudé, f(E)= JE dt \dn
is 700 V and the calculate¥ is 445 V. The dashed line ifa) ! !
shows the averaged HF sheath potential as a function of the LF. 2 2\2 — .5 -1z
= 1-|—=| (E—eVy) . (14
Q)LFAE AE

to the LF periodr g becauser > ryr and hence, when . . _
Tion!/ TLF=1, this means that,,,/7+=1 is also true. This Equation(13) shows that the energy width in the dual fre-

implies quency regime depends only on the applied LF. This result is
reasonable because the ion transit time is much longer than
the HF period. Indeed, the ratig,,/ 7y is calculated to be
12, 16, and 10 for A, CF;, and N ions, respectively.
Consequently, the ions respond to the average HF potential,

In the simulation in the (2 27) MHz caserin/7ir Is cal-  which is a function of the LA see the dashed line in Fig.
culated to be 0.9, 1.2, and 0.7 for ArCF; , and N, ions, ()],

respectively. Therefore, the assumption presented above can
be made. In thé1+27) MHz case these values are 0.5, 0.6,
and 0.4, respectively, which means that the ion path cannot

o p(t—to) =27 Tign/ T £> 1. (8)

III. RESULTS AND DISCUSSION

be assumed close to the average, in particular for. Ms All the calculations are performed for an Ar/CHN, mix-
will be seen in Sec. Ill in this case the deviation of theture at a ratio of 0.8/0.1/0.1. The gas temperature is set to
analytical from the numerical results is larger. 300 K. The simulation grid is uniform and it consists of 100

Substituting Eq(7) in the equation of motioii) leads to  cells. The electron time step is X210 's. To speed up the
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= a) = 0.02+ b =5 c)
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e
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FIG. 3. Ar" (a), CFef (b), and N (c) IEDFs at the powered electrode, averaged over ongl3F6 MH2 cycle in the conventional cc
rf reactor at pressure 20, 30, 50, 70, 100, and 200 mTorr. The applied voltage amplitude is 300 V.

calculation, the ion time step is set to be 25 times longer than0'® m=2 in a pure Ck dischargd42,43. Although the ions
the electron time step. The choice of the grid spacing and thpyse kinetic energy in the reactive collisiotsee the Appen-
time steps is defined by the accuracy criteria for PIC/MCdix), their energy distribution is influenced by the reactive
codes with explicit movef31]. collisions only at high pressur@00 mTor). Consequently,
the CK IEDF shows the influence of the elastic collisions.
With increasing pressure the two peaks coincide and move
towards lower energgfrom 125 eV at 20 mTorr to 110 eV at
Figure 3 presents the simulation results of the'A8), 200 mTor) [Fig. 3(b)]. The calculated averaged sheath po-
CF; (b), and N, (c) IEDFs at the powered electrode, aver- tential is 125 V.
aged over one HF13.56 MH2 cycle in the conventional cc The simulations take into account both elastic and charge
rf reactor at pressures of 20, 30, 50, 70, 100, and 200 mTortransfer(resonant and nonresonambllisions between Af
The applied voltage amplitude is 300 V. At the applied HFor N; and Ar or N,. Secondary peaks are observed in the
the ions traverse the sheath in a time corresponding to mary,+ gnd N/ IEDFs, and they are due to the charge exchange
rf cycles and hence the IEDFs reflect the time average@ollisions[see Figs. @) and 3c) with the CF, IEDF in Fig.

sheath potential. Therefore, following the analytical model%(b)]_ Obviously, for AF" and N; ions the charge exchange

it is expected that in a collisionless sheath the IEDFs will beCollision frequency is much higher than the elastic collision

narrow with one or two peaks and ce_nFeredeHg [see E_qs. frequency [11]. Hence, the Af and N/ IEDFs mainly

(3) and(4), and Refs[9—11]]. The collisionless approxima- present the contribution of the charge transfer collisies

tion in the present simulation can be made only at a very IoWne ion-neutral collision cross sections presented in the Ap-
pressure. It is qlearly seen in Fig. 3 that at a pressure of _ZBende. Figures 3a) and 3c) show that increasing the pres-
mTorr the collisional effects in the sheath are not very promi-g e |eads to increasing the intensity of the secondary peaks.
nent, especially for the GFIEDF. In all presented simula- \oreover, the distance between them rises and the number
tions CF -neutral-elastic collisions are considered; theof the peaks decreases. At the same time the primary peaks
charge transfer reaction ¢FCF; is not taken into account become less intense and at some pressure, they even disap-
since the density of the GRadicals is much lower in com- pear. This is caused by the increasing collision frequency in
parison with the Cf density, with a value in the order of the sheath, which in turn is due to the shorter mean free path.

A. Effect of pressure

026406-5
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FIG. 4. Ar* (a), CF; (b), and Ny (c) IEDFs at the powered electrode, averaged over ongl3/6 MH2 cycle in the conventional cc
rf reactor at pressure 30 mTorr and applied voltage amplitude 200, 300, 500, and 700 V.

As a result more and more ions take part in at least one C. Effect of the applied frequency regime

collision on their way towards the electrode and their energy Figure 5(solid lineg presents the simulation results of the
is shifted to lower values. These observations are in consisg .+ (@, CF, (b), and N} (c) IEDFs at the powered elec-
tency with a number of works investigating the influence of
pressure on the IEDFmainly of Ar* ions) considering both
elastic and charge transfer collisiotesg., Refs[2-6], [8],
[10-16).

trode, averaged over two LE2 MHz) cycles and over one
LF (1 MHz) cycle in the dual frequency reactor at a pressure
of 30 mTorr and the applied voltage amplitude of 700 V. In
the (2+27) MHz case the IEDFs are averaged over two LF
] _ cycles since one LF cycle does not contain an integer num-
B. Effect of the applied voltage amplitude ber of HF cycles. The analytical calculation results based on
Figure 4 presents the simulation results of the" Ag), Eqgs.(13) and(14) are also given in Fig. 5, with dashed lines.
c|:§ (b), and Nf (c) IEDFs at the powered electrode, aver- A comparison with the IEDFs at the same operating condi-
aged over one HF13.56 MH2 cycle in the conventional cc tions in the single frequency reactig. 4 at applied volt-
rf reactor at a pressure of 30 mTorr and applied voltage amage amplitude 700 V, i.e., the lowest plpthows that the
plitude V4 of 200, 300, 500, and 700 V. It can be seen thatdual frequency regime provides a significantly wider ion
the amplitude of the applied voltage has a significant effecPombardment energy range, which is one of the main advan-

on the width of the IEDF and the magnitude of the peaks.tages of the dual frequency reactors used in plasma etching

. . ; +
Indeed, the average sheath potential increases with incred3—30- For example, in the HF regime the maximum™Ar

: . ; ; ; i Iculated to be only 350 eV, while in the (2
ing V¢, which results in broader IEDFs and in a shift of the /0! €N€rgy 1s caicu’a .
primary peaks to higher energies. The influence of the chargg 27 MHz) regime itis calculated to be 700 eV. The increase

transfer and elastic collisions can be observed in the @rd gzé:iyr?gﬁlrglglgslfnna 2;?{3%} glgsﬁzrgg%t“e%nb?/ftrl%ﬁijrri-eri
+ . . . -

N, IEDFs, and in the CF IEDF, respectivelysee Fig. 4 5\"simyiation, presented by Myeet al. [16]. In the pres-

The number of secondary peaks and their intensity decreasgg, e of LF the ion transit time,, is less than the LF period

and the gap between them increases with increasing applied i e ' the jons cross the sheath in a fraction of the LF
voltage amplitude. This is related to a drop in the sheathycle and they reach the electrode with an energy equal to
width and a rise in the plasma density, which in turn resultghe instantaneous sheath potential dtepe the calculated

in increasing the ion plasma frequeri@}. These simulation /7 _ for the three investigated ions, presented in Sec. II
results are in consistency with a number of experimental angh0,11.

theoretical works investigating the influence of the applied The two outstanding peaks in the profiles, presented in
voltage on the IEDHe.g., Refs[2-8], [15]). The present Fig. 5, correspond to the averaged minimum and maximum
detailed investigation of the three different ions {AICF; , sheath potentialgcf. Fig. 2@), dashed ling The peak inten-
and N;) demonstrates not only the influence of the pressursity at the lower energy is higher because the sheath potential
and applied voltage on the IEDF but also the influence of thénas an average minimum value for a longer time than an
different types of ion-neutral collisions. average maximum valuet,10].
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FIG. 5. Ar* (a), CH (b), and N (c) IEDFs at the powered electrode, averaged over 21 MHz) cycles and over 1 LFL MHz) cycle
in the dual frequency reactor at pressure 30 mTorr and applied voltage amplitude (860cdMines. The analytical calculation results are
given with the dashed lines.

The influence of the collisions is the same as discussed iBhown in Figs. 6a) and @b), respectively. The CF IEDF in
the conventional cc rf13.56 MH2 reactor (see above  single and dual frequency reactors is shown in Figa). nd
However, at the1+27) MHz scheme secondary peaks are7(p) respectively. The profile of the NIEDF is similar to
observed in the CF IEDF although no charge transfer col- the Ar* IEDF, and is therefore not shown. Obviously, in the
!S'i\ms ?Zri_indUIdEd- The reaSO;tiszpﬁglé}bW ;hehftrﬁql{ency OfiF regime the ions respond only to the average sheath drop

z (2 times lower compared to m which the ions ; PR T
respond to the instantaneous HF potential as a function of th%nd their energy distribution is peaked closeetd, (Vs is
LF.

The results of the simple analytical model developed in
Sec. Il are in good agreement with the simulation results in
the (2+27) MHz regime(Fig. 5, upper paitand to a lesser
extent with the simulation results in tli&+27) MHz regime
(Fig. 5, lower part Although the analytical model does not
consider collisions we suggest that this consistency is a result
of the good sheath potential wave form approximation. The
energy width is calculated from E¢13) with the values of

V¢ and average sheath widshobtained from the simulation.
The parametek, is determined from the plot of the sheath
potential(see Sec. )l In the (2+27) MHz regime the calcu-

lated Vg, s, and\, are equal to 445 V, 68103 m, and
0.55, respectively. The plots are fitted in such a way that the

analytical value off (E) ateV; is equal to that calculated in

the simulation. Hence, we should not focus on the absolute
values of the analytical curves, but only on the energy width
and the position of the two peaks. As can be seen in the
(1+27) MHz scheme Zr 7,/ 7 ¢ is larger than but close to 1 ‘
(see Sec. )land consequently, Eq8) is not valid, which 4n
leads to a discrepancy between the numerical and analytical
calculations of the energy width and the position of the peaks

(see Fig. 5, lower partIn this regime the calculateds, s,
and\, are equal to 459 V, 7410 2 m, and 0.52, respec-
tively. The present results show that the developed analytical
model can be used to predict the positions of the primary
peaks in the dual frequency regime if conditi(8) is satis-
fied.

Finally, the IEDFs at different times of the HF cycle inthe  FIG. 6. Ar" IEDF at different phases in one HF cycle in the
single frequency regime and at different times of the LFsingle(13.56 MH2 frequency reactofa) and at different phases in
cycle in the dual frequency regime are presented in Figs. @ LF cycles in the dual27+2 MHz) frequency reactotb) at pres-
and 7. The Af IEDF in single and dual frequency reactors is sure 30 mTorr and applied voltage amplitude 700 V.

ArtIEDF

[\
=

Ar* IEDF
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FIG. 8. Ar" + Ar charge transfefl) and Ar" + Ar elastic isotro-
pic scattering2) cross sections as a function of the laboratory ion
energy in eV, and Ar+ N, charge transfe(3) cross section as a
function of the relative energy in eV.

different types of ion-neutral collisions is presented for the
three investigated ions.

The dependence on the frequency regime is investigated
by simulations in singlg13.56 MH2 and dual frequency
(2+27 MHz or 1+27 MH2) cc reactors. It is observed that
the dual frequency regime provides a significantly wider ion
bombardment energy range in comparison with the single
frequency regime. An analytical model for the IEDF in a
collisionless sheath for the dual frequency reactor is devel-

FIG. 7. CK IEDF at different phases in one HF cycle in the oped and a comparison with the numerical calculation is dis-
single(13.56 MH2 frequency reactofa) and at different phases in  cussed. The analytical model can be used to predict the po-
2 LF cycles in the dual27+2 MHz) frequency reactotb) at pres-  sition of the primary peaks.
sure 30 mTorr and applied voltage amplitude 700 V. Finally, the time dependences of the IEDFs in an rf cycle

in single (HF) and dual(LF-HF) frequency reactors are pre-
calculated to be 285 V[Figs. §a) and 7a)]. In the dual sented. It is shown that in the HF regime the IEDF slightly
frequency regiméFigs. &b) and 7b)] a great modulation of depends on the phase of the rf cycle, whereas in the LF-HF
the IEDF is observed during the LF cycle. The ion transitr€gime the IEDF is greatly modulated during the LF cycle.
time is close to the LF perio¢see the calculateet,,/ ¢
given in Sec. Il and the ions respond to the instantaneous ACKNOWLEDGMENTS

sheath _potgntial. The ti_me dependenc_e in the rf cycle Pre- e would like to thank W. Goedheer, A. Okhrimovskyy,
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positive-negative ion, and electron-ion recombination. The
influence of pressure, applied vo_Itag_e amplitude, and applied APPENDIX
frequency regime on the IEDFs is discussed.

The simulations are carried out over a wide range of pres- Because of the importance of ion-molecule collisions for
sure and applied voltage amplitude covered in the converthe calculation of the IEDFs, we present the data about ion-
tional cc plasma etching reactors. The results show that theeutral collisions used in the model in some more detail.
IEDFs shift toward low energies with increasing pressure oiFigure 8 presents the ArAr elastic isotropic scattering and
decreasing applied voltage amplitude. The influence of thecattering in the backward directiofio simulate charge

026406-8



NUMERICAL INVESTIGATION OF ION-ENERGY¥-. .. PHYSICAL REVIEW E 69, 026406 (2004

Relative energy (eV) 10-19 ‘ T ——
0.1 1 10 100 e~ ]
T BT R C a) CF,* + (CF,, Ar) ]
r(2) ]
10181 (2) 4 B
: { ] - |
@) ) E1onp
o e 8
oy (3) E i
o - § I
20 N,j*+ (Ar,N,) _ 1021 . |
10 ™ ’ ] 10 100 200
C ool vl vl NV Relative energy (eV)
0.1 1 10 100
Laboratory ion energy (eV) T T
FIG. 9. Nj +N, charge transfef1), N; +N, elastic isotropic r
scattering2), and Ny + Ar elastic isotropic scattering# cross sec-
tions as a function of the laboratory ion energy in eV, anfl N - r
+Ar charge transfe(3) cross section as a function of the relative t
energy in eV. o
. . . 1020 -
transfej cross sections as a function of the laboratory ion -
energy in eV, and Af-N, charge transfer cross sections as a i o]
function of the relative energyin eV [38,39. The Ar'-CF, , b) F-+ CF, reactive _
and Ar"-N, elastic collisions are not considered in the
Ll

H H H H H |
present simulations since the density of,Gid N, is low 10 100 200

compared to that of Ar and consequently, the probabilities for Relative energy (eV)

collisions are small. Similarly, §-CF, and CE '~ ions-N,

collisions are neglected in the model. T R
Figure 9 shows the N-N, elastic isotropic scattering and

charge transfer, and NAr elastic isotropic scattering cross

sections as a function of the laboratory ion energy in eV, and

N, -Ar charge transfer cross section as a function of the rela-

tive energy in e\{38,39. The cross section for NN, elas-

tic isotropic scattering; is approximated up to 50 eV to the 1020

Langevin cross section for polarization scattering and for en-

ergies higher than 50 eV t@),,— 2Qc7) as was done for the

Ar*-Ar elastic isotropic cross section in R¢B8]. Q,,, and

Qct are the momentum and charge transfer cross sections, i /A

o (m?)

respectively. The data for NAr elastic isotropic scattering 1R° i V1°° 200

cross section are estimated from the data available for the elative energy (eV)

Arf-Ar collisions taking into account tha; ~1/\/u, where FIG. 10. (a) CF; + (CF4,Ar) cross sections. GF+ CF, (1) and

w is the reduced mass./ _ _ CF; +Ar (2) elastic isotropic scattering; sum of all reactive JCF
In the model, the CF ~-ion—neutral (Ck and Ap colli- + CF, collisions(3); sum of reactive CF+ CF, with a loss of CE

sions are treated by means of the ion-molecule collisiorion (4); and sum of reactive GF+ CF, collisions after which the
model for endothermic reactions, described in R¢E2], CF; ion is one of the products5). (b) F~+CF, cross sections;
[32], and[45]. The Cg-ca and Ar elastic and reactive Sum of all reactive F+ CF, collisions(1); sum of electron detach-
collision cross sections, the FCF, reactive collision cross ment(2); and sum of reactive F+CF, collisions after which the
sections, and the GFCF, reactive collision cross sections F ion is one of the products3). (c) CF; +CF, cross sections.
are presented in Figs. (@, 10(b), and 10c), respectively. Sum of all reactive CE+QF4 colhsmns(l); sum of electr_on de-
The cross sections for the reactive collisionsare calcu-  achment(2); sum of reactive Cf+ CF, collisions after which the
lated from the probabilities, given by E¢f) in Ref.[22]in " [on is one of the product3); and sum of reactive GF=+CF,
case that the relative energy of the reactants is greater th&glllsmns after which the CFion is one of the products).

the least threshold energyE, and the randomly sampled

dimensionless impact parametg@<1. Let us remind the [44]. Elastic isotropic scattering is also assumed if the rela-
reader that the “elastic reactive” collisiofsee Ref[22]) is tive energy of the reactants is less than the least threshold
treated as elastic with isotropic scattering, i.e., the velocity onergy and8<1. The cross sections for C;f—' ions+ CF,

the ion after the collisions is calculated by E3a in Ref.  elastic isotropic scattering collisions are calculated from the
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probability, given by Eq(6) in Ref.[22] in the case where (CF3)* —CF; +F,
B=<1. Only the CK-CF, and Ar elastic isotropic cross sec-
tions are showriFig. 10@@) curves(1) and(2)] because the
F~-CF, and Ar and the €5 -CF, and Ar elastic cross sec- (CF,)* —CRy+F.
tions have similar values. IB>1 the collision is treated as
elastic with anisotropic scattering22,32. The deflection
angle is a function of3 and the post collision velocities are Assuming that all internal energy of the excited molecules is
calculated as is described in R¢#4]. Since 8= B.\R, used for dissociation, and applying again the energy and mo-
where 8., is set to 3 ancR is a random number between O mentum conservation, the velocities of LBnd F are equal
and 1(see Ref[22]) the contribution of the anisotropic scat- i, that of the excited i0"*71i , and the velocities of GFand
tering prevails that of the isotropic scattering. The cutoff pa- . -
rameterg,, is the value of@3, for which the deflection angle F are equal to that of the excited neutial, [45].

- ’ Since only CE, F, and CEF ions (i.e., not the other

's negligibly smalll 22,45, positive CK, ions and radicajsare followed in the model we

In the case of reactive collisions the velocities of the prod . : . .
ucts are calculated based on the energy and momentum cof® "ot Present the cross section of every reaction, given in
Ref. [22]. Figure 10a) shows the sum of all reactive GF

servation, which is illustrated by the following examp#s].

The reaction with threshold energyE + CF, collisions(3), the sum of reactive collisions in case of
dissociation of the initial ion, i.e., loss of the i¢#), and the
CF3+ + (:F4_>C|:2+ +CR+2F sum of the reactive collisions after which one of the products

is the initial ion(5). In the last casé€b) there is no production
is divided into three stages. A complexFs ion is formed  of the ion, only its energy is reduced more or less signifi-

and then the excited ion and neutf4b] cantly (see above However, this kind of collision cannot be
N N . . considered as symmetric charge transfer since the postcolli-
CF; +CR—[CoF7 = (CR)* +(CRy)*. sion velocity of the ion is not close to the thermal velocity of

. - . the neutrals.

If the mass apd velocity lzefore collision of the ion and Similarly, Fig. 1ab) presents cross sections of the sum of
neutral areM;, V; andM,, V,, respectively, the relative a|| reactive F +CF, collisions (1), the sum of electron de-
velocity isg=|\7i—\7n|, and the reduced massis the en- tachment collisiong2), and the sum of reactive collisions
ergy and momentum conservation are after which F is one of the product3). Finally, Fig. 10c)

shows cross sections of the sum of all reactive; €fCF,
(A1) collisions (1), the sum of electron detachment collisig23,

the sum of reactive collisions after which for CF; is one
N _ _ . of the productg3) or (4), respectively.

M;V;+M_ V,=M,V;i+ M Vi,, (A2) The presented theoretical cross section of the sum of all
. . R R reactive CE -CF, collisions is about four times less in the

whereg,=|Vy;— V1|, Vy; andVy, are the relative velocity, range of relative energy 20—200 eV and the theoretical cross
and the velocities of the excited molecules. Isotropic scattersection of the electron detachment-|EF, is one order of
ing is assumed, i.eVy;—V;,=0;R, whereR is the unit magnitude lower in the range of relative energy 10-200 eV

S = ug+ AE
Eﬂg—zﬂgﬁ ,

vector with random directiof45]. than the values experimentally measured by Retkal. [46].
In the next step, dissociation of the excited moleculedn a future work we will investigate the influence of the two
follows cross section sets on the results.
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