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Nonlinear Dynamics of Radio
Frequency Plasma Processing Reactors
Powered by Multifrequency Sources

Shahid RaufMember, IEEE and Mark J. Kushnertellow, |IEEE

Abstract—The source frequency has a strong influence on often use two RF sources at high and low frequencies to
plasma characteristics in RF discharges. Multiple sources at separately optimize the magnitude and energy of the ion fluxes
widely different frequencies are often simultaneously used to to the wafert The high frequency source is typically used to

separately optimize the magnitude and energy of ion fluxes to ) .
the substrate. In doing so, the sources are relatively independent control power deposited in the bulk plasma and hence control

of each other. These sources can, however, nonlinearly interact the magnitude of the ion flux. The low frequency source
if the frequencies are sufficiently close. The resulting plasma and determines the power into ion acceleration and hence controls
electrical characteristics can then be significantly different from  the jon energy to the wafer. When the source frequencies
those due to the sum of the individual sources. In this paper, a j, 5 capacitively coupled discharge are significantly different

plasma equipment model is used to investigate the interaction .
of multiple frequency sources in capacitively and inductively from each other (e.g., 100 kHz and 13.56 MHz), the resulting

coupled RF excited plasmas. In capacitively coupled systems,Plasma characteristics can generally be understood in terms
we confirmed that the plasma density increases with increasing of those due to the individual sources. However, if the source
frequency but also found that the magnitude of the dc bias and frequencies are close to each other (e.g., 6.78 and 13.56 MHz),
dc sheath voltage decreases. To produce a capacitively coupledyay interact through the nonlinear and inhomogeneous plasma
discharge having a high plasma density with a large dc bias, we . L . o
combined low and high frequency sources. The plasma density medium. T.h|s situation often Ieads.to plasma characteristics
did increase using the dual frequency system as compared to thethat are different than those of either of the sources. An
single low frequency source. The sources, however, nonlinearly investigation of the interaction of the RF sources in these
interacted at the grounded wall sheath, thereby shifting both systems is important not only to understand the operation of
the plasma potential and dc bias. In inductively coupled plasmas multifrequency systems, but also because it provides us with

(ICP), the frequency of the capacitive substrate bias does not have . . . -
a significant effect on electron temperature and density. The dc insight that can be applied to control plasma characteristics. In

bias and dc sheath voltage at the substrate were, however, found thiS paper, we discuss the dynamics of RF plasmas powered
to strongly depend on source frequency. By using additional by multiple sources at different but commensurate frequencies.
RF sources (.’:It alternate locations in |CR reac_tors, it was found Both Capacitive|y and inductive|y Coup|ed systems are consid-
that the dc bias at the substrate was varied without significantly oraq since their plasma environments are typically different,
changing other plasma parameters, such as the substrate sheath . . .
potential. and so their response to RF sources is aIsc_J different.
) ) _ o Nakano and Makabe theoretically investigated the conse-
m;rt]gr?;l ;%T:s_seinzs SLS;;Pcirt?gniewces’ nonlinear circuits, plasma 4 ences of frequency on capacitively coupled discharges [1].
' Using a fluid simulation, they found that electron and ion
densities increased as the source frequency increased from 100
I. INTRODUCTION kHz-13.56 MHz [1]. The sheath thickness and ion energy,

N BOTH inductively coupled and capacitively Coup|ed1owever, def:reased with_ increasing frequgncy because of
RF plasma sources for materials processing, the souftgl€crease in the magnitude of the dc bias. Nakano and
frequency has a strong influence on the plasma and electritgkabe also investigated dual frequency capacitively coupled
characteristics. Multiple RF sources at different frequencidiScharges [2], where a high frequency source was used
are, in fact, often combined to optimize plasma characteristid@, 9énerate a high plasma density while a low frequency
For example, commercial capacitively coupled plasma togi9urce was used for ion acceleration. When the frequencies
were significantly different, the sources operated reasonably

independently. The ion flux and the dc bias were, however,
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density scales with the square of radian frequency because of Il. DESCRIPTION OF THEMODEL

enhanced electron heating at higher frequencies, and that they,, computational tool we used in this investigation con-
ion angular distribution incident on the electrodes is Narrowgfsiaq of a circuit model imbedded in the hybrid plasma

at higher frequencies because of there being thinner sheaflig,isment model (HPEM) [7]. Since the integrated model has
Kim and Manousiouthakis [5], using a fluid simulation, als@een previously described in detail, only a brief explanation is

modeled two frequency excitation of argon RF discharg&gcyded here. The HPEM is a two-dimensional (2-D) hybrid
They found that the plasma potential and primary (high freqge in which a kinetic Monte Carlo simulation is used

quency) dc bias are largely unperturbed by the secondary (Igyy electron energy transport while the species densities are
frequency) voltage. Tsat al. [6] experimentally investigated yetermined using a fluid model [9], [10]. To model inductively

dual frequency (27 MHz/2 MHz) etching of SiGstructures .o pled systems, Maxwell equations are also solved to obtain
in Ar/CO/CF, plasmas. _the inductive electromagnetic fields. The HPEM is coupled to
In this paper, we report on results from a computationgl, extensive database of electron impact cross-sections and
investigation of the interaction of RF sources at differeng, transport coefficients.
but commensurate frequencies in low pressure plasmas. OUfne circuit module (CM) of the HPEM addresses the
simulation platform consisted of a coupled plasma trangseraction of RF plasmas with their external circuitry. This
port model and a circuit model [7]. We considered Ar angheraction is mainly through sheaths that form at electrodes
Ar/CF, gas mixtures in the capacitively coupled gaseoygq surfaces. The CM takes advantage of this interaction and
electronics conference reference cell (GECR@nd a generic ses jon fluxes, electron density, and electron temperature from
inductively coupled plasma (ICP) reactor. In agreement wifhe plasma transport modules of the HPEM to construct a
previous studies [1]-[4], it was found that the plasma densi§ymple circuit representation of the plasma reactor consisting
increased with increasing source frequency in the GECRC. TH€ sheaths and resistors (to approximate the bulk plasma).
dc bias was, however, more negative at lower frequencies. fRe sheaths are treated as nonlinear circuit elements whose
investigate the interaction of multifrequency sources, we add&Qnamics are governed by Riley’s sheath model [11]. In the
a high frequency source (27.12 MH2) to a plasma generaigf), the equivalent circuit for the plasma reactor is connected
by a low frequency source (13.56 MHz). The plasma densify the external circuitry, and the resulting circuit equations are
increased with increasing amplitude of the high frequenggved using implicit time integration until all currents and
source as expected. However, the sheaths at different surfa;(qgages attain steady state conditions.
of the reactor responded differently to the high frequency The plasma transport modules and the CM are iteratively
source due to their nonlinear impedances. The magnitudec%med in the HPEM. After each HPEM iteration, the CM
the dc bias at the substrate decreased as the voltage of {§gs the intermediate results from the plasma transport mod-
high frequency source was increased while the average shgagl to compute voltages (dc, fundamental, and harmonics) at
potential was essentially constant. all electrodes and reactor surfaces. These values are passed
We also investigated the consequences of changing the §fto the plasma transport modules, where they are used as
bias source frequency in an ICP reactor. It was found thgéundary conditions during the solution of Poisson’s equation.
ICP reactors respond differently than capacitively coupleghis procedure is repeated until both the plasma and circuit
sources to changes in the bias frequency. For example, ﬁntities attain quasisteady state conditions. The model has

dc bias and dc sheath voltage depended more strongly on §a@n previously validated against experimental data for the
source frequency than in capacitively coupled sources. T&gstems of interest [7], [12].

differences in the responses of ICP and capacitively coupled
reactors to changes in bias frequency can mainly be attributed
to differences in plasma parameters. For example, the plasma IIl. CAPACITIVELY COUPLED DISCHARGES
density near the RF biased electrode and chamber walls (whichn capacitively coupled discharges, the same RF source
provide the return path for RF currents) in ICP reactors generates the plasma and creates a dc bias to balance current
generally different, and so the powered and grounded sheadhthe electrodes. The coupling of multiple RF sources is,
may respond differently to changes in frequency. Also, plasniserefore, expected to be strong in these devices. In this
generation is essentially decoupled from the RF bias sourcesixtion, we describe the consequences of source frequency
ICP’s and so changes in bias frequency do not affect curremt plasma and electrical characteristics in the capacitively
magnitudes as strongly as in capacitively coupled dischargeupled GECRC, and the manner in which RF sources of
Due to the nonlinear and inhomogeneous response of shedalifferent frequencies interact with each other. The choice of
at different locations to sources at different frequencies, thaxactor was influenced by the fact that the model has been
was also a nonlinear interaction of sources in ICP’s, and thialidated against experiments in the GECRC under similar
interaction affected the electrical and plasma characteristicscohditions [7], [12]. The geometry of the GECRC is shown in
the discharge. Fig. 1(a) along with the electron density in Ar at 100 mtorr
The model used in this study is described in Section I4as pressure, 100 V (13.56 MHz) applied voltage amplitude
The results from our study for capacitively coupled Ar andnd 10 sccm gas flow. The electrodes have a radius of 5.1 cm
Ar/CF, discharges are discussed in Section lll, and thosed are spaced 2.26 cm apart. The gas is injected through a
for inductively coupled plasmas are treated in Section I\6showerhead in the top electrode and flows out through a pump
Section V contains concluding remarks. port at the bottom of the reactor. Unless stated otherwise, all
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Fig. 1. Schematics of the GEC reference cell used in this study. (a) Electﬁénfgs(tg)a.rmomc of currents flowing through the electrodes (E1 and E2) and

density in an Ar discharge at 100 mtorr and 100 V (13.56 MHz) applied to
electrode E1. (b) Electrical connections to the GECRC.
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current through the sheaths increases, more ohmic and sto-
chastic heating takes place and the electron density rises.
e same argument explains the increase of sheath currents
the frequency is raised; higher frequency produces more
: displacement current. The variation of the dc bias as a function
both 0.6 nF. Current flowing through the grounded dark spagg frequency is more intricately linked to the nature of the

shlelds' 'S m_cluded in the wall current. rgas. Using qualitative arguments based on Lieberman and
We first discuss the consequences of RF source freque L?é(htenberg’s model [13]

on the plasma and electrical characteristics in an Ar discharge.
Electrode E2 is grounded§ = 0 V) and electrode E1 is Ki(T)T7H? o« 1/d 1)
powered {1 = 100 V). Typical sheath currents and voltagegyhere K, is the rate coefficient for ionizatior, is the
are shown in [7, Figs. 3 and 4] for 13.56 MHz. The electropjeciron temperature, andlis the width of the bulk plasma
density at the sheath edge above electrode E1 and in Ege: gap length— sheath widths). As the frequency is
center of the discharge gap (on axis), the dc bias on capaciiifreased, the electron density increases leading to smaller
(i, the dc sheath voltage at electrode E1, and first harmoRigeath widths and a larger Under the conditions considered
of currents through the electrodes and the grounded reaGipiar, K, o T wheren > 0.5, so the electron temperature
walls are shown in Fig. 2 as a function of source frequencyecreases with an increase in frequency. In our 2-D simulation,
(The dc sheath voltage is the cycle average of the tingge electron temperature in the interelectrode region (obtained
dependent sheath potential.) The sheath currents are nonlingsh the Monte Carlo simulation module of the HPEM) did
and produce higher harmonics which scale with frequengydeed decrease from approximately 2.5 to 1.5 eV as the
in the same manner as the first harmonic. The second grshuency was increased from 13.56 to 30 MHz. The lower
third harmonics are approximately 45 and 20% of the firglectron temperature at higher frequencies means that electron
harmonic. The dc voltage on capacitOs is negligible. The momentum transfer collision frequenay,() is lower and the
electron density at the sheath edge and in the gap incregffusion coefficient is larger. As a consequence, electrons
with increasing frequency while the dc bias and sheath voltagigfuse radially more rapidly, the discharge becomes more
decrease in magnitude (less negative). symmetric at higher frequencies, and the magnitude of the
The dependence of electron density on frequency showo bias decreases. This trend can be observed by comparing
here is well described in Lieberman and Lichtenberg’s treate electron density at 13.56 MHz (shown in Fig. 1) with that
ment of the inhomogeneous capacitively coupled discharge30.0 MHz (Fig. 3). The sheath voltage at the grounded wall
model [13]. Briefly, as the frequency is increased, the digsas not significantly affected by the source frequency because
placement current through the sheatlig., < dE/dt ~ the sheath admittance and current changed in a similar fashion.
wk, increases for otherwise similar conditions. Since th®&ince the dc sheath voltage at electrode E1 is the sum of the

simulations were done at 100 mtorr gas pressure and 10 s
gas flow. A schematic of the reactor with the external circuitrgS
is shown in Fig. 1(b). The blocking capacitars andC; are
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increasing frequency also explains why the electron density
in the center of the discharge rises faster as a function @§ 4. Effect of 27.12 MHz source amplitude applied to electrode E2 on
frequency than the spatially-averaged electron density abdegeelectron density at the sheath edge above electrode E1 and between the
cleciode £ [Fg. 2] In the above arguments about I8 L s £5
dependence of dc bias on frequency, many factors sensitivedy v, 13.56 MHz RF source is connected to electrode EL.
depend on the nature of the gas as manifested in the electron
temperature dependence &f;. and v,,. Not surprisingly, impedance is larger at lower frequencies [14] and the 13.56
therefore, the dependence of the dc bias on frequency Wabklz current is proportionally larger at electrode E1. The
found to be different for other gas mixtures, such/agC'Fy, decrease in the magnitude of the dc bias for the 13.56 MHz
as discussed below. source at E1 resulting from the contributions of the 27.12
If this capacitively coupled reactor was intended for ion etMHz source is, however, surprising. To explain this scaling,
ergy dependent etching, such as for silicon dioxide, one woulte sheath currents and voltages due to separate sources and
ideally like to have a high ion density and a large negative diceir combination are shown in Fig. 5 féfy = V> = 100 V.
sheath voltage. The results shown in Fig. 2 indicate that udéhen used separately, the 13.56 MHz source is connected
of a single source at any frequency may compromise onetof electrode E1 and the 27.12 MHz source is connected
these conditions. An alternate option might be to use multiple electrode E2. The addition of the 27.12 MHz source
sources at different frequencies; a high frequency source fir electrode E2 significantly changes the current through
generating the plasma and a low frequency source to genemextrode E1 [Fig. 5(a)] because electrode E1 is part of the
a large sheath voltage at the substrate. This strategy has bedurn path of the larger current generated by the 27.12
employed in commercial plasma reactors and it has also beédHz source. Since the sheath impedance is larger at lower
theoretically investigated [2]. We reconsider the problem herfeequencies [12], the sheath voltage at electrode E1 [Fig. 5(c)]
however, to investigate the interaction of the two RF sourcesmainly governed by the 13.56 MHz current component even
when their frequencies are commensurate. In this studywih the 27.12 MHz source present. The 13.56 MHz current
low frequency (13.56 MHz) and high frequency (27.12 MHz3omponent at electrode E2 is only a small fraction of the total
sources are connected to electrodes E1 and E2, respectivatyrrent entering the plasma through electrode E1, with the
The electron density at the sheath edge above electroderemainder returning through the grounded sheaths. The 27.12
and in the center of the discharge gap (on axis), the dc bid$iz current component is larger at electrode E2 since the
on capacitors’; and C> and dc sheath voltages at the tw@7.12 MHz source is connected there. The sheath voltage at
electrodes are shown in Fig. 4 as a function of the amplitude@&ctrode E2 is, therefore, mainly governed by the 27.12 MHz
the 27.12 MHz sourcelt). The amplitude of the 13.56 MHz source with only a small perturbation due to the addition of
source isV; = 100 V. The addition of the high frequencythe 13.56 MHz source [Fig. 5(d)].
source increases the sheath displacement currents, which leathe situation at the grounded wall sheath is, however,
to more ohmic and stochastic heating, resulting in highdifferent. As shown in Fig. 5(e), the maximum sheath voltage
electron densities. The magnitude of the dc bias for the 27.dép at the walls is roughly the same when either the 13.56 or
MHz source and the dc sheath voltage scale Withbecoming 27.12 MHz source is used. When both sources are used, current
more negative at larger amplitude. from both sources returns to ground through the wall sheaths
The dc sheath voltage at electrode E1 is little affectedsulting in a doubling of the wall sheath voltage. The dc bias
by currents from the 27.12 MHz source because its sheath capacitoiC; [Fig. 4(b)] can be thought of as the difference
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Ar/CF, = 80/20 discharge on: (a) electron density at the sheath edge above
Fig. 5. Currents through the sheaths and sheath voltages as a functiorlettrode E1 and between the electrodes (on axis), (b) dc bias on cagagitor
time. (a) Current through electrode E1, (b) current through electrode E2, (g sheath voltage at electrode E1, and (c) first harmonic of currents flowing
sheath voltage for electrode E1, (d) sheath voltage for electrode E2, ahtbugh the electrodes (E1 and E2) and walls (G).
(e) sheath voltage at the grounded surface. Results are shown for only the
13.56 MHz source at electrode E1 (13.56), only the 27.12 MHz source at .
electrode E2 (27.12), and both sources simultaneously connected (both). iiterease as a function of frequency because of the larger

gas pressure is 100 mtoir; = 100 V and V3 = 100 V. sheath displacement currents, which lead to more ohmic and
stochastic heating. The dc bias and sheath voltage, however,

between the dc voltage drop for the sheath at electrode E1 &Y€ @ nonmonotonic dependence on the source frequency,
the grounded wall sheath. Since the dc voltage amplitude?alttlhough the variation is small, demonstrating that the dc bias
the grounded wall sheath increases significantly (from 15.8 ifpSensitive to the nature of the gas. When, @GFadded to Ar, -
24.7 V) due to the current from the 27.12 MHz source Wh“golumet_rlc _smks of electrons (., attachment and d'SSO.C'a“\./e
the dc voltage at electrode E1 sheath changed little (72_2rg/:0mb|nat|on) are introduced and the electrons are primarily

as opposed to 75.2 V), the magnitude of the dc voltage anlned between the el_ect_rodes even at low frequencies.
. lthough v,,, decreases with increasing source frequency and
capacitorC; decreases. ; : )
. . the electrons spread out more in the interelectrode region, the
In general, all sheaths in a plasma reactor will respon . : o .
. " change in electron density profile is not significant enough to
differently to the addition of new RF sources because of the : . .
. . : appreciably modify the dc bias.
differences in the electron density, electron temperature al . . .
he consequences of the nonlinear interaction of a 13.56

ion flux at their boundaries and their inherent nonlineari% z source ¥, = 100 V) with a source at 27.12 MHZV)
. . . 1 = .

(change OT impedance W_'th current amplitude). Because rﬁ shown in Fig. 7 for the Ar/CFdischarge. The sources
the nonumform. and nonlmegr response (.)f the_ sheathg, e connected in the same manner as for the Ar discharge.
sources at multiple frequen_(:les W'I_I sometimes interact in g, ajectron densities at the sheath edge above electrode E1
unpredlcftable mﬁmner. The interactions are gegerally Stronggel between the electrodes [Fig. 7(a)] increase with increasing
near surfaces where sources are not connected, (e.g., groungdgfiy e of the 27.12 MHz source due to the increase in the
wall in the problem considered here) and these interactiof§eath displacement currents that leads to more ohmic and
affect the electrical and plasma characteristics of the dischargg;-nastic heating. The magnitudes of the dc bias on capacitor

Many of the effects of frequency and nonlinear interactiop:, nq gc sheath voltage at electrode E2 [Fig. 7(c)] scale with
sensitively depend on the nature of the gas. To demonstr@;t?e The magnitude of the dc bias on capacitar [Fig. 7(b)],
the extent of this dependence, we investigated similar issues,8$,ever. decreases as the contribution from the 27.12 MHz
above for an Ar/CE = 80/20 gas mixture. The consequencegoyrce is increased due to the nonlinear and nonuniform
of source frequency on the electron density at the sheath egdggyonse of the wall and electrode sheaths (in a similar manner
above electrode E1 and between the electrodes (on axis), thg&Gescribed earlier for the Ar discharge). In contrast to the
bias on capacitoC’;, dc sheath voltage at electrode E1, angrgon discharge, the magnitude of the sheath voltage increases
first harmonic of the sheath currents through the electrodgsgi while the dc bias becomes less negative, a consequence

and walls are shown in Fig. 6 for 100 mtorr gas pressugg the 27.12 MHz current flowing through the sheath.
and V; = 100 V. The electron density and sheath currents
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Fig. 7. Effect of 27.12 MHz source amplitude applied to electrode E2 for an

Ar/CF4 = 80/20 discharge on: (a) electron density at the sheath edge above (b)

electrode E1 and between the electrodes (on axis), (b) dc bias on capacitor

C1, dc sheath voltage at electrode E1, and (c) dc bias on capétitand dc  Fig. 8. Schematics of the ICP reactor used in this study. (a) Electron density

sheath voltage at electrode E2. A 100 V, 13.56 MHz RF source is connectgthn Ar discharge at 20 mtorr, 500 W inductive power and 100 V (13.56

to electrode E1. MHz) applied to electrode E1. (b) Electrical connections. The labels denote
1—substrate, 2—grounded dark space shield, 3—grounded wall, 4—portion
of the dielectric window, and 5—portion of the dielectric window.

IV. INDUCTIVELY COUPLED PLASMAS

In this section, we investigate the consequences of RF bjggr study the interaction of RF sources, a second source will
source frequency on plasma and electrical characteristics gfconnected t6';. The displacement current flowing through
coupling of multifrequency RF sources in inductively coupleghe dielectric window (surfaces four and five) is taken into
plasmas. We consider only the consequences of the RF biggount by representing the window by equivalent capacitors,
sources since the coupling between the ICP source and the, — 195 pF andCyy5 = 183 pF. The blocking capacitor
RF bias source is generally weak, and so chose conditiqg§ — 30 nF.
where capacitive coupling from the coils can be ignored. ICP The current flowing through the surfaces and sheath voltages
reactors provide a very different plasma environment frogre shown in Fig. 9 for 500 W inductive power deposition, 20
capacitively coupled discharges. The plasma in ICP reactefgorr Ar, and 100 V amplitude (10.0 MHz) applied to the
is generated by an external source (the current in the IGRbstrate. The current entering through the powered electrode
coils) and the channels for RF source coupling through thg) mainly exits through the dark space shieléh)( and
bulk plasma parameters are generally limited due to the higfounded walls 13). The displacement currents through the
plasma density. Since the chamber height is usually largerdrelectric window (4, ;) are, however, nonnegligible and
ICP reactors compared to RIE reactors because of uniformipresent 10’s of percent of the total. The electron density at
considerations, the plasma characteristics near the powetigglsheath edge of the powered electrodé & 10'° cm3) is
electrode can be different from those at the walls throughuch larger than that at the grounded wats3 x 10° cm—3).
which most of the RF return current flows. The sheaths At a result, the current carrying capacity of the substrate, albeit
these surfaces, therefore, respond differently to changeswith a smaller area, is larger than that for the walls and of
source frequency and this affects global characteristics suble window. The system thereby generates a positive bias on
as the dc bias. the substrate (29 V). The low plasma density at the walls and

The generic ICP reactor geometry used here is shown gositive bias on the substrate produce large sheath impedances
Fig. 8(a). A four-turn antenna sits on top of a dielectriand sheath voltages at the grounded walls compared to the
window. Gas is injected into the chamber through a showewered electrodelf ). At the window, the voltage primarily
erhead below the dielectric window and flows out through ttdrops across the dielectric and so the sheath voltagest)
pump port at the bottom of the reactor. The wafer sits care small.
top of an electrode q;) that will be RF-biased and which The electron density in the center of the discharge, first
is surrounded by a grounded dark space shiglg).(The harmonic of current through the substratk)( dc bias on
circuit representation of this reactor is shown in Fig. 8(b). TheapacitorC; and dc sheath voltage at the substradg) (are
surfacesS,; and S are part of the grounded walls. When weshown in Fig. 10 as a function of RF bias frequency for
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1201 \\ ! ] Fig. 10. Effect of RF bias source frequency (100 V amplitude) on (a)
1400 M T AR electron density in the center of the chamber, (b) first harmonic of the current
(©) 0 27t_ 4n collected by the substrate, and (c) dc bias on capacitorand dc sheath
ot (radians) voltage at the substrate. Results are for 500 W inductive power deposition

and 20 mtorr gas pressure. The bulk plasma properties are not perturbed by
Fig. 9. Electrical characteristics in the ICP reactor with Ar (20 mtorr) at 50fhe RF bias, however redistribution of the currents in the reactor change the
W inductive power deposition and 100 V at 10 MHz applied to the substraige bias from positive to negative.
(a) Sheath currents,  » 3, (b) sheath currents, s, and (c) sheath voltages.
The subscripts refer to the surfaces noted in Fig. 8(b).

20 mtorr Ar, 500 W inductive power deposition and 100 \gc bias was 23 V, which is close to the self-consistent results
' (pé 10 MHz (29 V).

bias. Since plasma generation is dominated by the inducti i i
power deposition, the electron density in the center of the 10 Shed light on why the dc bias and the dc sheath voltage

discharge [Fig. 10(a)] does not change by more than 10% %_{Sthe substrate. [Eig. 10(c)] become more negative as the RF
the RF bias frequency is varied between 10-30 MHz. Since thiS frequency is increased, sheath currents and voltages for

sheath displacement current is proportional to frequency, e30 MHz RF bias are shown in Fig. 11. These currents

first harmonic of current flowing through the biased substragdeuld be compared with those for a 10 MHz bias shown in

[Fig. 10(b)] increases with frequency. Recall that for thEi9- 9- The dc bias (voltage on capacitdy) is the difference

capacitively coupled discharge, the dc bias changed by oﬁ‘gt;’vgig m‘; Z?o\;?lléz%e vvaglzossrsle';ht?h’F()O)W(Zrtedloelf/l(:::d; esheath
1 213)- ’

8 V (—62 to —54 V) as the source frequency was varie_&l .
between 10-30 MHz. This scaling was attributed, in paffPPedance of the sheath at the grounded walls is larger than

to changes in the bulk plasma electron temperature whillle impedance of the powered sheath due to the smaller
produced more confinement of the plasma. In contrast to t@sma density near the wall. Consequenthi s| > [Vi]
capacitively coupled system, the dc bias for the ICP syste#fid the dc bias is positive. As the frequency is increased to
strongly depends on the RF bias source frequency becomitfy MHz, the capacitive impedance of the sheaths decreases.
more negative with increasing frequency. At low frequencieblear the grounded surfaceS, and 53, the plasma density

the dc bias is positive, indicating that the current carryinig small <3 x 10° cm®) and so most of the current is
capacity of the substraté/{) is greater than the other surfaces¢arried by the sheath displacement current. An increase in
This condition results from the large impedanceSafandS;  frequency therefore significantly decreases the total sheath
(the window segments) due to their small capacitance, and tAwedance at the walls. On the other hand, the plasma density
large impedance of, and Ss (the grounded segments) duenear the powered electrode is large4(x 10 cm=?%) and

to the low plasma density at their sheath edges. To balaridest of the current is carried by conduction, which is little
currents through the surfaces, a positive dc substrate biagiffected by frequency. The effect of source frequency on the
produced. The plasma density and electron temperature iopedance of the sheath at the powered substrate was therefore
not change significantly enough as a function of the RF bigsoportionally smaller. Since the sheath impedances changed
frequency to account for the observed change in dc biamnuniformly, [V2 3| < |Vi| at 30 MHz and the dc bias
This conclusion was, in fact, verified by solving the circuibecame negative. The strong dependence of the dc bias on RF
equations for a 10 MHz source while using presheath plasiias source frequency is, therefore, due to the different (i.e.,
parameters obtained with the 30 MHz source. The resultingnlinear) manner in which the powered electrode sheath and
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Fig. 11. Electrical characteristics in the ICP reactor with Ar (20 mtorr) at ,f) 5.61 / ]
500 W inductive power deposition and 100 V at 30 MHz applied to the © 5.4 B
substrate. (a) Sheath curredis., 3 and (b) sheath voltages. The subscripts = 500 ]
refer to the surfaces noted in Fig. 8(b). o, |
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the grounded wall sheaths responded to the additional current S o
produced at the higher frequency. 2 sl N
. o [ -VSheath  __..--~~
When ICP reactors are used for ion energy dependent 2 [ kT ]
etching, it is often desirable to have a large negative dc S osf s \Bias (C1) |
voltage across the sheath at the wafer to accelerate ions to Q el Electrode S1 1
high energies. In our results thus far, the dc bias is positive (b) Bt
at low frequencies (particularly at 13.56 MHz) and so the . ]
dc sheath voltage at the substrate is low. This result is Z 1
largely a consequence of the specific geometry that was used. § ]
The placement of the coils is such that the electron density & ]
peaks on-axis (Fig. 8) and is low near the walls. The current Q ]
collecting capability of the substrate is therefore proportionally T S T

-4 I 1

. . 30

larger. For there to be a negative bias (at 13.56 MHz) the %0 0 % 110
: I VS3(27.12 MHz) (V)

current collecting capability of the walls should be larger than

the substrate. This can be accomplished by powering only tFig 13. Effect of the amplitude of the 27.12 MHz source applied to surface

outer two ICP coils. As shown in Fig. 12, the peak in electrofp on: (a) electron density in the center of the chamber, (b) dc bias on
capacitorC'y connected to the substrate, dc sheath voltage at the substrate,

dens!ty _sh|fts off-axis. As a result, the presheath e_'IeCtr%Hd (c) dc bias on capacitéf; connected to surfacg;. Although the plasma
density increased at the walls thereby decreasing their shegdisity is not perturbed the voltage sourceSat the reapportionment of

impedance, increasing their current collection capability. THgrment through the reactor does change the dc bias on the substrate.
end result was a decrease in the dc bias from 10.824.9
V and a decrease in the dc sheath voltage at the substttalifferent frequencies interact with each other, we instead
from —37.3 to —54.1 V. With more current being collectedconnected a second RF bias to the wall segnsgnAlthough
by the grounded walls in the unbiased configuration, tHEP reactors are usually not operated in this configuration, the
effective area of the walls is increased to the degree thasults are revealing about the interaction of RF sources. For
the area ratio changed from less than one to greater ttiha results shown in Fig. 13, we connected a 13.56 MHz source
one. The RF bias source does not have a strong impact (6 = 100 V) to the powered substrate and an additional 27.12
the bulk plasma density and temperature, which are primarNyHz (amplitudeVss) RF source afSs with a 30 nF blocking
determined by the inductive power deposition. The dc biasapacitor. The electron density in the center of the reactor, dc
which is generally attributed only to the RF bias, is seen gheath voltage at the substrate and dc bias on the two blocking
be a global characteristic of the discharge. Redistribution oépacitors are shown in Fig. 13 as a function of the amplitude
currents by changing the spatial inductive power depositiafi the 27.12 MHz source. Since the 27.12 MHz source does
can modify the dc bias, as demonstrated above. not produce any appreciable electron heating, there is not a
The interaction of the inductive source and the RF bias significant change in the bulk electron density [Fig. 13(a)].
usually weak in ICP reactors. To investigate how RF sourc&he dc biases, however, do depend on the current contribution

—_
)
LA
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CURRENT AT 13.56AND 27.12 MHz, DC $iEATH VOLTAGE AT THE SUBSTRATE (S1) AND WALLS (S2 AND S3), AND DC Bias oN THE CAPACITORS
THE SUBSTRATE HAS A 100 V (13.56 MHz) Bas, S5 |s GROUNDED, AND S5 IS BIASED AT 27.12 MHzwITH VOLTAGE AMPLITUDE Vg3

Ve;=35V Ve =100V
urrent (A) dc Sheath dc bias on Current (A) dc Sheath de bias on
Voltage (V) Capacitor (V) Voltage (V) Capacitor (V)
(13.56 MHz) -39.27 19.9 5.06 (13.56 MHz) -40.44 34.6
(27.12 MHz) 2.62 (27.12 MHz)
-(13.56 MHz) -60.60 - 0.92 (13.56 MHz) ~76.39 -
(27.12 MHz) 1.21 (27.12 MHz)
(13.56 MHz) —49.61 9.8 2.62 (13.56 MHz) —78.62 -3.6
(27.12 MHz) 5.03 (27.12 MHz)

from the 27.12 MHz source. The substrate bias becomes mptasmas. In the capacitively coupled GECRC, higher source
positive while that for the higher frequency source becomégquencies led to larger displacement currents, more electron
more negative. The dc sheath voltage at the electrode is hetting and higher electron densities. The dc bias also varied
affected by the high frequency source. with the frequency, but the effect was weak and depended on
To explain these scalings, the RF current amplitudes at 135 electron transport coefficients and net ionization rates of the
and 27.12 MHz, dc sheath voltages at the substrate and vegdéecific gas mixtures used. Under the conditions investigated,
surfaces and dc bias on capacitors are shown in Table | faultiple RF bias sources were found to interact with each other
Vss = 35 V and Vg3 = 100 V. As Vs is increased, the through the nonlinear plasma medium. This interaction was
component of current at 27.12 MHz through the sheatfsat mainly due to the fact that the sheaths adjacent to the powered
increases and eventually becomes larger than the 13.56 Mlectrode and grounded walls have different impedances due
component. The dc sheath voltageSatis therefore sensitive to the different plasma properties at their boundaries, and
to the additional current from the 27.12 MHz source. At thgo responded differently to the current from the additional
substrate £1), the 13.56 MHz current is always larger tharsource at a different frequency. For argon in the GECRC,
the 27.12 MHz component because the 13.56 MHz sourge nonlinear source interaction caused the dc bias on the
is connected there. Since the sheath impedance is largetoater frequency driven substrate to become more positive
lower frequencies, the dc sheath voltage at the electrodeaisthe voltage of the second source at higher frequency was
primarily determined by the 13.56 MHz source, and it dodgcreased.
not change appreciably due to the additional current from theln contrast to the capacitively coupled discharges, the dc
27.12 MHz supply. On the other hand, the currents at 13.bfas was observed to depend strongly on the RF bias fre-
and 27.12 MHz are commensurate at both extreméd&gfat quency in ICP’s. This scaling was attributed to the nonuniform
the grounded surfacg,, though ad’ss is increased, the 27.12 variation of the impedances of the powered electrode and
MHz component increases relative to the lower frequencyrounded wall sheaths as a function of frequency. Since the
thereby increasing the dc sheath voltage amplitude. The idl@uctive coil current generates the plasma in ICP reactors, the
bias on capacitoC; can be thought of as the difference iplasma density varied little with RF bias frequency. As a result,
the dc voltage across the powered electrode sheath and jffi¢emental changes in sheath impedances depend largely on
sheath atS,. Since the dc voltage for the substrate sheathe change in frequency and the plasma characteristics at
does not change significantly dsss is increased and thethe sheath edge. For example, an increase in frequency will
dc sheath voltage amplitude &t decreases, the dc bias orproduce a larger relative change in current through a sheath
capacitorC; increases. In a manner similar to the capacitivelyhose adjacent plasma density is low (and hence is dominated
coupled discharge, source interaction is strongest at surfaggsiisplacement current) compared to a sheath whose adjacent
where sources are not connected. The inhomogeneous respgigsma density is large (and is dominated by conduction
of different sheaths to the additional RF sources changes Bifrent). Under these conditions the interaction between RF
electrical characteristics of the discharge. sources at different frequencies can be strong even in ICP
reactors.

Many of the nonlinear interaction effects can be minimized
(or enhanced) by selecting the RF source frequencies to be
The consequences of RF bias frequency on the electrical dather from (or closer to) each other. For example, if the
plasma characteristics of RF plasma processing reactors, andrce frequencies are very different in a dual frequency capac-
the nonlinear interaction of RF sources at different frequenciisely coupled discharge, the sheath voltage at the grounded

have been discussed for capacitively and inductively coupleall will be primarily governed by the low frequency source.

V. CONCLUDING REMARKS
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The dc bias at the powered electrode (with the low frequency P. Splichal, J. L. Mock, P. Bletzinger, A. Garscadden, R. A. Gottscho,
supply) will not be strongly perturbed by the high frequency
source. Since the nonlinear interactions can be strong when

the frequencies are commensurate, they should be taken into

account when multifrequency discharges are designed.
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