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Analytic model for a dual frequency capacitive discharge
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A homogeneous plasma model for dual radio-frequefmtydischarges driven by two sinusoidal
current sources has been analyzed. Under the assumptions of time-independent and collisionless ion
motion and inertialess electrons, the analytic expressions for discharge parameters are obtained as
a function of the effective parameters such as effective frequency, effective current, and effective
voltage. Effective parameters are determined by the ratio of two currents or voltages. Two rf sources
are generally coupled to each other through the plasma medium. It is also shown that the reduction
of the bulk plasma length due to the sheath size has to be considered for calculating the discharge
parameters since the sheath length is not always negligible compared to the bulk plasma length.
Furthermore, the dependence of discharge parameters on the low frequency is preseR¢88 ©
American Institute of Physics[DOI: 10.1063/1.1621000

I. INTRODUCTION achieved the functional separation of low frequency biasing
and high frequency sustaining voltages in two-frequency ca-
Plasma processing is an essential part for manufacturingacitively coupled plasma by increasing the sustaining fre-
the ultralarge scale integratedJLSI) circuits. However, quency to very high frequenc§f00 MH2). Robicheet al®
there are several issues to be solved in plasma processipgesented the analytic model of a dual frequency capacitive
using capacitively coupled radio-frequeng@y) discharges, sheath. They found good quantitative agreement with
such as the independent control of the ion flux and the iorparticle-in-cell plasma simulations.
bombardment energy, elimination of notflocal side-wall Capacitively coupled rf discharges have been exten-
etching, increment of the plasma density, and enhancemergively studied for the last decades because of their interesting
of etching selectivity and anisotropy. As the device geometryphysics as well as their widespread applicatiths. The
shrinks and aspect ratio becomes higher, the restrictions bgarious sheath models which account for the nonlinear char-
come more severe. Hence, conventional capacitive reactosteristics of the sheath dynamics have been deveftpé&t.
with a single rf(13.56 MH2 source have been continuously Several kinds of the discharge transitions such as the transi-
modified for further improvements of their performance. Fortion from stochastic to collisional electron heatifigthe
example, dual frequencyDF) capacitive coupled plasmas transition from the low-voltage to the high-voltage mdéie,
(CCPs operated with two distinct power sources have at-and the transition from electron-dominated to ion-dominated
tracted much attentioh® power dissipatioh ~*° have been observed in rf capacitive
Goto et al}? demonstrated the independent control ofdischarges. Although only two additional parameters of the
the ion density and the ion bombardment energy by selectinfequency and power of secondary rf source are introduced
appropriate excitation frequencies in a dual rf excitation sysin DF CCP, they give us much more complication than con-
tem and found that the self-bias voltage varied as a logarithventional ones in understanding the physics. The physics of
mic function of the excitation frequency. Tsgtial3 achieved DF CCP has not been fully investigated as that of CCP has
the high selectivity plasma etching of Si@ith a dual fre- been, and few analytic works have been offered that would
quency capacitive rf discharge. Through particle-in-cellgive us an insight into plasma characteristics for a wide
simulations, they also found that the plasma density scalenge of plasma control parameters.
with the square of the source frequency while it remains  In this paper, we report on the analytic solution of a
relatively independent of the substrate frequency. Kim andiomogeneous model for DF CCP as a generalization of that
Manousiouthakis presented two-dimensional simulation re- for CCP of Ref. 20. The analytic model is described in Sec.
sults for a dually excited capacitive rf plasma system using al- The analytic expressions are obtained for discharge pa-
three moment fluid model. They showed that the ion bomJameters such as the plasma density, the plasma potential,
bardment energy is a lineéogarithmig function of the sec- and the powers dissipated by electrons and ions. Section Il
ondary rf power(frequency. Rauf and Kushnéinvestigated shows the dependence of several discharge parameters on the
the nonlinear interaction of multiple frequency sources incurrents and low frequency by using the analytic expressions
capacitively and inductively coupled rf excited plasma by_of Sec. Il. Finally, our works are summarized and discussed
using their plasma equipment model. Kitajimet al®?  in Sec. IV.

Il. DESCRIPTION OF THE ANALYTIC MODEL
dElectronic mail: jki@postech.ac.kr

bAlso at LAM Research Corporation, 4650 Cushing Parkway, Fremont, ~ One of the earliest and simplest quels for QCP is the
CA 54538. homogeneous model of symmetrically driven rf
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discharged??! As a generalization of this model, we de- The discharge is driven with the sum of two sinusoidal
scribe the DF capacitive sheath model for a homogeneous currents oscillating at two different frequencief

ion distribution. For simplicity, we assume the following (=w,/27) andf, (=w,/2m7),

plasma conditions. First, the gap distaricebetween elec- _

trodes ax=0 andx=L is assumed to be small compared to Ji() =i cogwit) +Jy COS W), ©

the electrode diameter so that the system can be approxithere the subscripts and h represent the high- and low-
mated as a one-dimensional plasma model. Second, the eldéequency sources, respectively. The displacement current
tron Debye length at the plasma-sheath boundary is neglflowing through the sheath into the plasma is defined by
gible compared to the sheath length so that the electrons are JE
positioned only in the plasma bulk. Third, it is assumed that ~ Ju=€o - (7)
the ion density is uniform everywhere and the ion motion in

the sheath is collisionless. Fourth, two rf frequencies should@ubstituting the electric field fox<s(t), Eq. (5), Eq. (7)
satisfy the plasma opacity condition in the external rf field, becomes

2 2\ 12 ds(t)
w v - _
e E ® T ®
q When the driven current is assumed to flow the sheath en-
an tirely as the displacement current, we obtst) by equating
W, Eq. (6) to Eq. (8):
> <1, (2) — . .
w s(t)=s—s; sin(w,t) — sy, Sin(wt) (9

wherev, is the electron-neutral collision frequency ang, with

andw,,; are the electron and ion plasma frequencies, respec- Jin

tively. Consequently, the ions respond only to the time- S'*“:en\}w ,

averaged electric field while the electrons respond to the in- o oh

stantaneous electric field. The displacement current and th&heres is the time-averaged sheath length. In addition, the

conduction current are dominant in the sheath and bulifollowing relation is obtained:

plasma, respectively. Fifth, two frequencies should also be 35 - _eny,,. (12)

larger than the electron-energy relaxation frequency so that, o )

the plasma density and the electron temperature do not!Nnce the minimum Valug Q“_(t) should be zero, the time-

change much during the rf period. Thus, the density of thé"’“’er"jlged sheath length is given by

immobile ions is constant in time and spadg(x,t)=n S=5/+5. (12

=const._ The electrons and hence the plasma-sheath bour}flﬁusy Eq.(9) becomes

ary oscillate back and forth between two electrodes posi-

tioned atx=0 andx=L. s(t) =s;(1—sin(wjt)) +sp(1—sin(wyt)). (13
Since the discharge is symmetric, we first derive the anagrom Eq.(5), the voltage across the sheath with respect to

|yt|C expression for the left-hand-side sheath with the e|9C‘the p|a5ma potentia| is given by

trode atx=0. The net charge densijyis given by

(10

s(t) ens?
PO D =Ni(X,1) =ne(x,1) VNFL Ed=- 2 (14
=n, x<s(t) Inserting Eq.(9), it becomes

=0, x>s(t), 3 en , ) 2, 2 ) )

. . _ - Vi(t)=— 2_[5| (1—=sin(wt))“+sp(1—sin(wyt))
wheren, is the electron density ans(t) is the position of €o
the plasma-sheath boundary. Then, the instantaneous electric +25;5p(1—sin(w;t)) (1—sin(wpt))]. (15

field E(x,t) can be obtained from Poisson’s equation ) ) ) .
By averaging Eq{15) over a period, we obtain the time-

E: ﬂ‘, X< (1) averaged plasma potential:
X €0 V enl 3 2+ ) N (16)
=—|—(s +5sf)+5/Sh|.
=0, x>s(t), (4) < 4( | +Sh) +SiSh

where £,=8.85x10 22 Fm~! is the permittivity of free For the right-hand-side sheath, the voltage across the
space. The integration of E#) with the boundary condition Sheath is given by
E(x=s)~0 leads to the following solution for the electric en_, _ ) _
field: VR(t)=— 2—60[5, (1+sin(wt))2+sp(1+sin(wpt))?

E(x,t)= ﬂ(x—s(t)), X<s(t) +25;5p(1+sin(wit)) (1+sin(wpt))]. (17

€0 From Eqgs.(15) and(17), the voltage between two electrodes

=0, x>s(t). (5) is obtained,
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2ens _ lating sheaths dominantly on the plasma-sheath boundary.
V(O =VL(1) = Va(t) = ——[s sin(wjt) + s, sin(wpt) ]. For the “hard wall” model of the sheath, the power depos-
0 (18) ited by the stochastic heating per unit area is giveff by

It is noted that the voltage between two electrodes can be _ f - )
represented as the sum of two sinusoidal functions: Sstoc= —2M 0 (U= us)"fs(u,t)du 29

V(t) =V, sin(wt) + Vy, sin(wyt) (19 From Eq.(13), the oscillating sheath velocity is given by
with the amplitudes of ds(t)

Ug=—— =U; cogw,t)+u, cogwt) (30
V 2en, (20 «
=—5S 1.
S with

In addition, we obtain the following relation by using Egs. Ui = —S|.hW p - (3D

(10) and (20: By averaging Eq(29) over a period along with the substitu-

ViV tion of Eq.(30), we obtain the time-averaged stochastic heat-
f'J_|_ch_h' (22) ing power per unit area,
Substituting Eqs(12) and(20), the time-averaged voltage of Sqoc= sm(uZ+u)nuy, (32)

Eq. (16) can be expressed as a function of the amplitudes of —
two sinusoidal voltages: wherev, is the mean electron speeé- ((8eT./7mm, where

T, is the electron temperature in unit of voltdVith the

V=3V (22)  substitution of Eq(11), Eq. (32) becomes
with the effective voltage Sstoc= 3Rstod JE+33) (33
V=V +V,— 2 Vivh (23) with
3 V,+Vy Mue
Rstoc= (34

The electron power is dissipated through the ohmic heat- e’n’

ing and stochastic heating. The ohmic heating is due to th y adding the stochastic heating for two sheaths and the
energy gain from the electric field between electron-neutra hmic heating from Eqs(27) and (33), the total time-
collisions. To calculate the ohmic power, we assume that thgveraged electron power per unit area ,becomes

electric field in the bulk is expressed as the sum of two

sinusoidal functions, Se= Sonmt Setoc= & Reid 2 (35)
E(t) =E, sin(wt) + Ep, sinf(wyt). (24 with Rgg=R,pm+ 2Rg0c and the effective current
When the driven current is assumed to flow the bulk plasma  J 4=v2J,s, (36)

entirely as the conduction current, the power deposited b
the ohmic heating per unit volume is given by

zvhere Jims= \/(J|2+Jh2)/2 is the root-mean-squaréms)

value of the applied rf current;.

J(HE(t) = E| cos(wit) + J4Ep COS (Wit) By equating Eq(35) to the electron energy lost,
+[JEp+ IhE Jcogwt)cog wit). (25 Se=2enug(ect &), (37)
By averaging Eq.(25 over a period, the time-averaged the plasma density is obtained
power per unit volume is obtained, 1[m(v,d+205) Y2
Pe,onn= 3 (JE1+ J4En), (26) =3 Cugleotes| o (39

which is the same as the sum of the powers contributed byyhere ¢, and ¢, are collisional loss per electron—ion pair
two single rf sources. From the expression for the ohmicreated and mean kinetic energy lost per electrer2T,),

power of the Single rf SOUI’C@,WQ obtain the time-averaged respective|yuB is the Bohm Ve|0city (: ,/eTe/M, whereM
power per unit area after integrating E@6) over the bulk s the jon mass

plasme The time-averaged power dissipated by ion acceleration
_ o 5
SE,Ohm: % Rohm(JF‘l’Jﬁ) (27) IS g|Ven b);
' T
with S=2enys| V+ ?e) _ (39
mv,,d

, (28 From Eqgs.(10) and (16), Eq. (39) can be expressed as the
function of the currents and frequencies,

_3uB(J|2 2499,

o= "7y~
wherem andd is the electron mass and the length of the

bulk plasma, respectively. On the other hand, the stochastic
heating is due to the interaction between electrons and oscil- 2¢€9

+enuysT,. (40

wi w3 wwy,
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It can also be represented as a function of the effective fre- (a) 100 T T
quencyf(=wen/27) and the effective currenlyy: 27 MHz

_3uB Jeff
i 260

Weft
with

2
+enugTe (41

-

10 F e -

Frequency (MHz)

W WA(W ) 2+ Wi (wid))?
e (Wi dp) 2+ 4(Wi Jp) (WhJ)) /34 (Wi d)) 2

From Egs.(22), (35), (38), and(41), it is noted that the 1 ! !
discharge parameters of DF CCP, such as the plasma density,
the plasma potential, and the powers dissipated by electrons
and ions, can be expressed just as those of CCP driven with ()
effective parameters, such as the effective current, effective fopp ————+
voltage, and effective frequency. Since the effective fre-
guency in DF CCP is dependent on the currents in contrast to
the frequency in CCP, DF CCP can be considered as CCP
with a variable(effective) frequency’ With this concept, it
has been explained that the ion flux and the ion bombard-
ment energy in DF CCP can be controlled by the high-
frequency current and the low-frequency current, respec-
tively, under certain plasma parameter regimes. It is also 10 o1 0.1 1
found that effective parameters in Eq43)—(45) are not ' I /']
represented as the linear sum of two driving parameters. In o
other words, two current sources are generally coupled t6IG. 1. Effective frequency transition@) when the high-frequency27
each other. A similar nonlinear interaction of multiple fre- M'gzz)zcug\entjg)“e?g; fO}: thihﬁXIEd '?W-ffequxe(zn@zm*)ﬂ) CU”?”‘ 0

H H =0. mACm an wnen the low-ifrequenc Z) current varies
glusing)e/eio?gﬁﬁz ltat;/roRuangt tahles i?]oc’:\“;]nyebar: dpsl?r?]rlﬂgti?rf.dlum he}gr the fixed high-frequency27 MHz) current J,=1 mA cm 2).

The effective parameters have to be determined by the
competition of two rf sources. When we use terms “pri- starting from 2 MHz and is saturated to 27 MHz, as shown in
mary” for a rf source with the fixed current and “secondary” Fig. 1(a). As the 2 MHz current increases for the fixed 27
for the other, the effective parameters of E@®3), (36), and  MHz current =27 MHz, J,=1mA cm 2, and fq
(42) can be expressed as a function of the ratio of two cur=2 MHz), the effective frequency changes from 27 MHz to
rents or voltages: 2 MHz, as shown in Fig. (b).

2 The bulk plasma length is given by the difference be-
1+V,— 3 ﬁ , (43)  tween the gap distance and the sheath lendstht —s. The
r sheath length and hence the bulk plasma length changes with
N PR the current and is inversely proportional to the frequency. In
JetflJp Jr) = Jp L+ 7, (44 the CCP with the typical frequency of 13.56 MHz, the bulk
and plasma length is approximated to the gap distance since the
1+ 32 sheath length is usually negligible compared to the bulk
g ! >, (45) length. However, for the DF CCP, where the low frequency
1+43,/3f,+ 3 /f; is typically lower than the typical frequency, it may not be
with V,=V/V,, J,=J3/3,, and f,=fs/f,. Without the satisfied any more. The details will be shown below.
secondary current, the effective frequency of Etf) is the
primary frequency. As the secondary current goes to the inHl. THE RESULTS OF THE ANALYTIC MODEL

finity, the effective frequency becomes the secondary fre- To investigate the reduction of the bulk plasma length

quency. In pamcylar, when the current rat|o_ is the same AJue to the sheath size, we have obtained the bulk length as a
the frequency ratio, the effective frequency is function of the high-frequency27 MHz) current for the
_sy_./3 fixed high-frequency currentJi=1 mAcm 2) or the low-
FerJr=":) \/;f”“s' (46) frequency(2 MHz) current for the fixed low-frequency cur-
where f = \/(f2p+f32)/2 is the rms value of two frequen- rent (J,=0.22 mAcm ?). It was obtained for argon dis-
cies. charges at pressure of 100 mTorr by using EG$), (12),
Figure 1 shows the transition of the effective frequencyand(38). T,, ., andL were set to be 3.0 eV, 50 V, and 2.5
from a primary frequencyf, to a secondary frequencly ~ cm, respectively. As shown in Fig.(&, the bulk length is
obtained from Eq(45). As the 27 MHz current increases for shortened significantly from the gap distance for the large
the fixed 2 MHz current f;=2 MHz, J,=0.22 mA cm ?, low-frequency current or the small high-frequency current.
and f4=27 MHz), the effective frequency increases rapidly For larger low-frequency current or smaller high-frequency

(42 s

100 T

10 B S r

Frequency (MHz)
/

Veff(Vp V)= Vp

f2i(fp.fr,d) ="
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(a) 10 T T (@ 100000 T T n
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J=J, forJ; =022 -----.
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(b) le+09 T T T T (b) 10 T T
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PR st
g
s
B 6e+08 F==— - - N
7 o |~ 4\’_/ i
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z -
A 2e+08 F d: Const T
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0 '] '] '] '] 0’1 Il Il
0 0.2 0.4 0.6 0.8 1 0.1
J; (mA cm'z)
. . (c) 1000
FIG. 2. (a) The bulk plasma length as a function of the high-frequef@®/
MHz) current or the low-frequenc{2 MHz) current.(b) The plasma density ~
as a function of the low-frequend MHz) current J,=1 mA cm 2), “-'E
= 100
z
current, the plasma is not sustained any more. The effect of §
the reduction of the bulk length on the plasma density is also 5 10
shown in Fig. 2b). For the case where the bulk length is £
fixed to the gap distancedE&L), the plasma density in- =
creases with the low-frequen¢9 MHz) current for the fixed 1 )
high-frequency(27 MHz) current J,=1 mAcm 2). How- 0.01 01 1

ever, for the self-consistent case where the bulk length is J nA cm™)

reduced by the sheath length, the plasma density does I’]IQIIG 3. Powers absorbed by electrons ions, and all species as a function of
change much with the low-frequency current. Thus, the rery) the high-frequency27 MH2) current oI:b.zz mA cm ) and (c) the
duction of the bulk plasma length due to the sheath size hasw-frequency(2 MHz) current §,=1 mA cm ). (b) The ratio of the ion
to be considered for calculating discharge parameters in thie electron power as a function of the high-frequerizy MHz) current
analytic modeling of DF CCP unlike to that of typical CCP. (=0-14 mAcnT?).
This result is also consistent with the particle-in-cell simula-
tion result of Babaevaet al?® that the increase of low-
frequency voltage leads to subsequent increase in sheathe effective frequency transitiohFigure 3b) shows the ra-
width. tio of the ion to electron power as a function of the high-
A power dissipation mode transition between electrondrequency current for the fixed low-frequency curreidt (
and ions originates from the different dependence of rf pow=0.14 mA cm 2). Our analytical result was compared with
ers consumed by ions in sheath and electrons in the plasn@one-dimensional electrostatic particle-in-¢@1C) simula-
body on the current. The mode transition from electron-tion with a Monte Carlo collisiofMCC)?*which is a self-
dominated dissipation to ion-dominated dissipation has beeconsistent and fully kinetic method. Two of them are quali-
achieved by varying plasma control parameters, such as thatively in agreement. Figure(® shows that the transition
increase of current or the decrease of pressure, frequendypom the electron-dominated mode to the ion-dominated
and magnetic field’"*° These phenomena are observed inmode as the low-frequency current increases as it does in
DF CCP by varying one of the two driving currents. Using CCP. The electron power does not change much with the
Egs. (35 and (41), we have obtained powers absorbed bylow-frequency current like the plasma density in Figh)1
electrons, ions, and all species, as shown in Fig. 3. The con- The current-voltage relation is one of the basic electrical
dition is the same as that in Fig. 2. As shown in Figa)3the  characteristics in CC¥. Figure 4 shows the time-averaged
transition occurs twice as the high-frequency current changgslasma potential and the amplitudes of the low-frequency
for the fixed low-frequency current unlike CCP because ofand high-frequency voltages as a function of the high-
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FIG. 4. The time-averaged plasma potential and the amplitudes of the lowFIG. 5. For various low frequencie&) the bulk plasma length angh) the
frequency(2 MHz) and high-frequency27 MHz) voltages as a function of  plasma density as a function of the low-frequency currért 2.5 cm and
(a) the high-frequency27 MHz) current ¢;=0.22 mA cm 2) and(b) low- Jy=1mAcm?).
frequency (2 MHz) current ,=1mAcm 2). V,, is the time-averaged
plasma potential.
Therefore, wherf ,J,<fJJ; is satisfied, the primary voltage
V,, decreases with the secondary currént Otherwise, the

frequency or low-frequency current. They were obtainedPrimary voltageV, increases with the secondary currdgt
from Egs.(20), (10), (22), and(23). Since two rf sources are Since the sheath length is affected mainly by the low-
Coup|ed to each other, both of the high-frequency and |0w.frequency source, we have inveStigated the effect of the low
frequency voltages change with one of two currents evefrequency on the bulk length and the plasma density for vari-
though the current of the other source is fixed. Both of theous low frequenciesl(=2.5 cm), as shown in Fig. 5. For
high-frequency and low-frequency voltages increase with théhe large low frequency, the bulk length is not much short-
low-frequency current in entire regime, as shown in Fig.ened with the low-frequency curreffig. 5a] and hence
4(b). However, as shown in Fig.(d, the low-frequency the plasma density increases with the low frequency current
voltage and hence the plasma potential decrease with tH&Ig. 5(b)]. Figure 6 shows the results for the longer gap
high_frequency current in the regime of a small h|gh_ distance ofL=5 cm. Compared to the case of the short gap
frequency current. We can derive the mathematical expredlistance, the bulk length changes weakly with the low-
sion of sgiidV,,/dJ] which determines whether one of two frequency currenfFig. 6@a]. Hence, even for 2 MHz, the

voltages increases with the current of the other source or noplasma density increases with the low-frequency current
From Eq.(21), it becomes [Fig. 6(b)]. It is also noted that the dependence of the plasma

density on the low frequency is different for the different gap
dVp|  1d(VslIs) distances. For the short gap distante=(2.5 cm), we can
sg =sgn———|.
dJg dJg
cantly with the low frequency for the same low-frequency

find the regime where the plasma density increases signifi-
When the voltage is expressed as a function of the plasma.lrrent[ﬁg 5(b)]. However, for the long gap distance (

(47)

genszilty, tc):urrents, and frequencies from EQ@) and (20), =5 cm), the plasma density does not changed much with the
g.(47) becomes low frequency[Fig. 6(b)].
[dV,] 1 1(J J,\dn For the high frequency of 27 MHz and the low fre-
S d =sg nf. n2 f—+ T laal (48) guency of 2 MHz, it has been found that a power dissipation
L Js_ nts n s p Js L . .
mode transition occurs twice as the high-frequency current
By using Eq.(38), Eq. (48) is reduced to and hence the effective current charfigé.was due to the
V] significant change of the the effective frequency. Figure 7
sgn g p —sgrf fod,—fJq] (49) shows the dissipated powers as a function of the effgctlve
| dJs] current for the low frequency of 13.56 MHz when the high-
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(a) 10 T T are obtained for the rf discharge parameters such as the
plasma density, the plasma potential, and the powers dissi-
pated by electrons and ions. They can be expressed as a
R L] function of the effective parameters such as effective fre-
""""" quency, effective current, and the effective voltage. Effective
parameters are determined by the ratio of two currents or
L voltages as a consequence of the competition of two rf
fi= 1f3-_5§ Mgi - sources. Two rf sources are generally coupled to each other
£ =2 MHz oreree through the nonlinear plasma medium. It is also shown that
1 1 1 the reduction of the bulk plasma length due to the sheath size
0.01 0.1 1 10 has to be considered for calculating discharge parameters in
T} (mA cm™) the analytic modeling of DF CCP since the sheath length is
3e+09 T T T T T not always negligible compared to the bulk plasma length.
The reduction of the bulk length is significant for the short
gap distance. Furthermore, the dependence of discharge pa-
rameters on the low frequency was also presented.

Bulk Length (cm)

—
O
=

2e+09
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