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An antenna configuration for uniform plasma generation in a large-area inductively coupled plasma
(ICP) source is presented and investigated using numerical analysis. The numerical results show that
a properly tuned, segmented coil system with an external variable capacitor can allow antenna
voltage, currents, and plasma uniformity to be controlled in the large-area ICP source. The key
element of this concept is to induce LC-resonance in the coil system by the external capacitance
variation. Through the LC-resonance, not only a small antenna voltage can be obtained, but also a
selected coil current near a low plasma density regime can be significantly enhanced. Self-consistent
fluid simulations for Ar and Glplasmas indicate that the radial plasma spread can be optimized near
the LC-resonance condition. @000 American Institute of PhysidsS0003-695(00)04830-0

In microelectronic and flat panel display device fabrica-tion are wL gi,=605() for the spiral case an@L ;.8 ()
tion, the development of a uniform high-density plasmafor the segmented case at 13.56 MHz rf, respectively. How-
source with a large area is of major concern. Particularly, irever, this coil segmentation makes the inner coils have small
the ultralarge scale integrated-circuit etching process, the déaductance as compared with the outer coils and accordingly
velopment of plasma process devices to handle larger aréaduces large inner coil currents causing a radially nonuni-
wafers is needed urgently as the current 200 mm wafer diform plasma. To overcome this problem, one of the seg-
ameter is projected to increase to 300 mm by the year 2001mented coils is connected with an external variable capacitor
Recently, there have been efforts to generate uniform highin series[see the most outer coil in Fig(d]. Through nu-
density plasmas over a large area by various discharge methrerical simulation, it will be shown that this variable capaci-
ods, such as inductively coupled discharge using multipleor serves as an external parameter for the antenna current
inductive elements operated in paraflel, modified  distribution and plasma uniformity control.
magnetron-typed radio frequencyrf) discharge’ or To determine the coil currents from the processing pa-
ultrahigh-frequency discharge using a spokewise antéima. rameters and the external variable capacitance, we have used
this letter, we present a modified inductively coupled plasman equivalent circuit model. The equivalent circuit diagram
(ICP) source with a new antenna configuration for the nexto this system is presented in FigbL In Fig. 1(b), Z (j
generation large-area wafer processing. =1-6) denotes lumped impedance of thia coil with

The ICP source has been a popular choice for the curremflasma andz, is the impedance of the variable capacitor.
wafer processing due to its geometric simplicity and ability|A:zj5=1|j , wherel| is thejth coil current, andg=1, are
to produce uniform plasma at high density without relying currents into circuit elements A and B, respectively. Here the
upon external magnetic coits® However, a conventional circuit element B contains the coil which is connected with
ICP source using a multiturn spiral coil antenna has reacheghe variable capacitor in series and the element A contains
its limit in extending the process area due to its large inducthe other coils. The key technique of this concept is to adjust
tance, which causes large voltage between the ends of thRe reactance of the circuit element B to the reactance of the
antenna and unstable impedance matching. The large voltaggement A with the external capacitance variation and to
can lead the antenna to be capacitively coupled with th¢orm a parallel LC-resonant circuit. As will be shown, this
plasma causing a low efficiency and nonuniform plasma promduces LC resonance in the circuit C which is the series
duction. connection of the circuit element A with B. At the resonance

Our antenna coil system is designed to overcome th@ondition, the current from B becomes nearly the same as the
large inductance problem and further to control coil currentgyrrent into A. As a result, antenna currents can be concen-
distribution. It is described schematically in Figal a Six-  trated on the coil which is connected with the variable ca-
turn coil is segmented and the segments are connected ycitor in series. Choice of the current-concentrated coil is
parallel. The connection of the coil segments in parallel a"closely related to the plasma uniformity. To control the
low the inductance of the present antenna system to be velfjasma uniformity, the coil should be chosen as one located

small as compared with that of the six-turn spiral antennanear a relatively low plasma density regime. In this case, it
calculated inductance values under our geometric configurayas chosen as the sixth coil from the center.

To resolve the equivalent circuit system, we have used a
3Electronic mail: sskim@comp.kbsi.re.kr recently developed analytic model for a planar type ICP
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FIG. 1. Schematic diagram d&) a large-area ICP source with antenna o T B
composed of segmented coils and an external variable capacitdbpitsl g 2
equivalent circuit. ﬁ ks
~ 4

heating and impedance formula, including a collisionless L — 6'?/ 0(88) 100 120 140

wloy

nonlocal election heating mechanigit! Using the analytic
results in Refs. 9-11 and the complex Poynting theotem, fig. 2. Dependence @) reactance of the circuit C in Fig(1), (b) mag-

we can obtain the coil currents and voltage. The obtaineditudes of the coil currents, ard) phase difference betwedn andlg on

coil currents are used in calculating the Fourier—Bessel sdhe reactance of the external variable capacitor under Ar discharge condition
. . . . . 11 of 500 W rf power and 10 mTorr gas pressure.

ries solution of the inductive field!! and plasma power

deposition.

To determine the plasma density and electron temperaance. Figure @) shows variations of the coil current mag-
ture in a self-consistent manner, we have performed twonitudes with the external capacitance variation. Figu® 2
dimensional fluid simulations. We used the implicit finite shows the phase difference betwdgnandlg. As can be
difference method on staggered uniform grids in solving theseen from Figs. @), 2(b), and Zc), LC-resonance phenom-
fluid equations. To avoid the restriction on the size of theena occurs in the circuit C neaf-=0: the magnitudes of
spatial grids®> the exponential scheme for continuity IAzEf’:le and lg=1g become nearly the same with each
equation® was used. To overcome the dielectric relaxationother, but their directions become opposite. As a result, a
time restriction on the maximum time step sizele used a  resonance peak appears in the sixth coil current magnitude at
semi-implicit numerical scheme. In this scheme, the electro1/wC,=73(}. Since the increase of the sixth coil current
static field is evolved so that the net plasma current densityneans the increase of the plasma generation in the radially
induced at the previous time step decays exponentiallputer region, we can easily expect that the radial plasma
within the dielectric relaxation time. Details of the numerical spread may be controlled and optimized at a pro@er
scheme will be presented elsewhere. value.

Simulation results were obtained for Ar and,Glis- Figure 3 shows the dependence of the antenna terminal
charges under 10 mTorr pressure and 500 W rf-power convoltageV on the reactance of the variable capacitor under the
dition: Ar is a commonly used gas in investigating the devicesame discharge condition with that of Fig. 2. Since at the
characteristics and €ls a widely used etchant in polycrys- resonance condition the current directionsl gfand | g be-
talline silicon etching. The used geometric parameters are aome opposite to each other but their magnitudes become
follows: the chamber radius is 30 cm, the chamber length isiearly the same, the input antenna curréstl o+ 15 be-

15 cm, the shielding cap length is 15 cm, the thickness of theomes very small. The decrease of the input antenna current
dielectric window is 2 cm, the substrate radius is 25 cm, thd makes the antenna voltayyevery small near the resonance
coil thickness and width are 0.2 and 2 cm, respectively, andondition, as shown in Fig. 3.

the coils are spaced at 4, 8, 12, 16, 20, and 24 cm apart from Figure 4 presents the fluid simulation results for the ra-
the center, respectively. dial plasma density profiles of the Ar plasma at substrate

Figure 2 shows the circuit variable results for Ar dis- position with variousC,. The external capacitances for off-
charges. Figure(2) presents the dependence of the reactanceesonance cases yield centrally peaked density profiles. How-
of the circuit C, Xc=X,+Xg, on the magnitude oz, ever, asC, goes to values near the resonance point, the ra-
=ilwC,, whereX, andXg are the reactances of the circuit dial density profile becomes uniform. WhernwQ,=68(),
element A and B, respectively, a@j is the variable capaci- the radial spread of the plasma is optimized and uniform
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FIG. 3. Dependence of terminal voltage of the antenna coil on the reactancFeIG' 5. Radial profiles of the total ion flux of £plasma on the substrate
- 3. Dep . ) 9 . " Wwith various external capacitance when rf power is 500 W and pressure is 10
of the external variable capacitor under Ar discharge condition of 500 W rfmTorr

power and 10 mTorr gas pressure.

=77 . The optimum ion flux profile with uniformity of
2.4% over 300 mm in diameter is obtained atw,
=70Q.

In summary, through numerical study it is found that a
_properly tuned six-segmented coil system with an external
yariable capacitor can not only diminish antenna voltage but
g!§o produce a uniform large-area ICP. The numerical results
6mdicate that the small antenna voltage and the uniform
plasma density are caused by LC resonance in the coil sys-
tem induced by the external capacitance variation. Even
though the present study is carried out for only a six-
segmented coil system, the scheme could be applicable to
any number of coil segments. This scheme could be applied
to antenna design for 300 mm wafer processing with a large-
area ICP device.

within 2% over 300 mm in diameter. The coil current distri-
bution at the resonance peak pointp®,=73(}, yields a
slightly hollow density profile.

The Cl, plasma results for the antenna current distribu
tion and voltage, which is not presented here, show nearl
the same dependence on the variable capacitance as the
plasma case, except for the slightly shifted resonance pe
position. Figure 5 presents the radial profile results for total
ion flux of Cl, plasma, which is the sum of €land C} ion
fluxes, at the substrate position with variods. Here we
plotted ion flux instead of density because in the ion en
hanced silicon etching process by,Qllasma, the silicon
etch rate is proportional to the total ion fltkAs shown in
Fig. 5, the dependence of the total ion flux profiles@nis
nearly same as the Ar plasma density profile dependence: it The authors gratefully acknowledge useful discussions
shows centrally peaked profiles for off-resonance cases and@in pr. P. W. Lee. This work is supported by the Korea
slightly hollow profile at the resonance point«ll, \injstry of Science and Technology and the Korea Ministry

of Commerce, Industry and Energy under System IC project

10 T l T T T contract.
1/wC, = 082
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