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Abstract-Based on the concept of independent control of ion flux and ion-bombardment energy, a global self-
consistent model was proposed for etching in a high-density plasma reactor. This model takes account of the effect
on the plasma behavior of separate rf chuck power in an Inductively Coupled Plasma etching system. Model pre-
dictions showed that the chuck power controls the ion bombardment energy but also slightly increases the ion
density entering the sheath layer, resulting in an increase in etch rate (or etch yield) with increasing this rf chuck power.
The contribution of the capacitive discharge to total ion flux in the ICP etching process is less than about 6% at rf
chuck powers lower than 250 W. As a model system, etching of InN was investigated. The etch yield increased
monotonically with increasing the rf chuck power, and was substantially affected by the ICP source power and
pressure. The ion flux increased monotonically with increasing the source power, while the dc-bias voltage showed
the reverse trend.
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INTRODUCTION up of source for production applications, 2) improved plasma
uniformity over a wide area, and 3) lower cost of ownership.
Inductively Coupled Plasma (ICP) etching is an effective high In recent years, associated with increasing interest in the ICP
density plasma technique for patterning of IlI-V and llI-nitride etching systems for semiconductor and related processing, ma-
materials [Shul et al., 1996, 1997; Pearton et al., 1994, 1998hematical modeling has been used to understand the funda-
1999; Hahn et al., 1999]. The ICP plasmas are formed in anental aspects of the low pressure plasma behavior. Most of
dielectric vessel encircled by an inductive coil into which rf the modeling studies include one-dimensional fluid models or
power is applied (see Fig. 1(a)). The rf current circulating aroundMonte Carlo techniques [Liberman et al., 1993, 1994; Stewart
the chamber causes an alternating magnetic field in upward andt al., 1994; Wu et al., 1997], and two-dimensional fluid models
downward directions. The change in rate of the magnetic field
then induces an rf electric field. This rf field will accelerate the
electrons into a circular path, confining them in a circular mo-
tion. The power transfer through the dielectric window by induc-
tive coupling is efficient, leading to high ion density. As long as l 'l- ] ICF
the capacitively coupled component is absent or at least smal rf source
the electrons trapped in a circular path will have only a small I |‘|‘| —

chance to be lost to the substrate electrode, resulting in low d
bias. gases powersd elecirade

(a) @
Flasma |-_

Since the ion energy and plasma density can be effectively Chuck bias
decoupled, uniform density and energy distributions are trans: f soarce (13.56 MHz)
ferred to the sample. However, the ion-bombarding energy unde
these conditions is often too low to initiate etching because the (b
high density discharges have low-voltage (20-40 V) sheaths nee 130 i B

I
I

L

almost all surfaces. To control the ion energy, the sample chucl
(i.e., substrate electrode) is independently driven by a capaci
tively coupled rf source, leading to anisotropic etching. ICP | L
sources are generally believed to have several advantages ov E e,
Electron Cyclotron Resonance (ECR) sources: 1) easier scale x=0 il X=3,

Electrode
[Sample chuck)

Fig. 1. Schematic illustrations of (a) ICP etching system and
"To whom correspondence should be addressed. (b) ion densities in the sheath region in contact with the
E-mail: yphahn@chonbuk.ac.kr wall of a sample chuck.
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[Economou et al., 1995; Bukowski, 1996; Collision and Kushner, ing in the ICP etching system is mainly attributed to the rf pow-
1996; Rauf and Kushner, 1997]. It has been found that the twoer applied to the sample chuck.

dimensional fluid models produce better predictions of the bulk1. Inductive Coupled Discharge

plasma behavior than the one-dimensional ones. Most of these A global model developed for bulk plasma in an ICP system
simulation works have focused on better understanding of bulkby Lieberman et al. [1993, 1994s been found useful to pre-
plasma behavior, and on investigating the effects of reactodict plasma parameters for low pressure, high density plasmas.
design and operating conditions on plasma uniformity andThe model predicts electron temperature by equating the total
energy and angular distributions. However, current mathemativolume ionization rate to the surface ion (or particle) loss rate.
cal models are generally not able to properly include the effectsSince the ion-electron pairs are created primarily by electron-
of collisionless heating and the capacitive discharge formed byneutral ionization, the plasma density is not directly affected by
rf power applied to a sample chuck, especially for ICP systemsother subprocesses. If the electron-neutral ionization rate is con-
Furthermore, little work has been reported on the effects ofstant in the bulk of the plasma, based on the conservation law
operating conditions on etch yield. the global particle balance is expressed as:

In this work, as a partial fulfillment of the overall project of
modeling the ICP etching system, a global self-consistent model
was developed to take account of the effect of the capacitivavhere K,, N, n,, Vg, [, ['. and y represent the ionization rate
discharge coupled by the rf chuck power and the stochasticonstant, neutral gas density, plasma density, reactor volume, the
heating within the sheath layer. In this model, the ICP systemion flux on the top and bottom walls, ion flux on side wall, and
was assumed as a combined system of the inductive coupleghe Bohm velocity, respectively. L, R, &ind h are the discharge
discharge plus the capacitive discharge. It was also designed tiength, cylindrical radius, axial and radial ratios of center-to-edge
provide process engineers with a simple but reasonably accuraien density, respectively. Eq. (2) can be rewritten as
model so that they can easily calculate plasma parameters and

KiNgnVe=T"+T=n,Us (2R, +2rRLh) @)

utilize the results to optimize the etching conditions and possi- Ke(To_ T _ 1 ©)
ble system redesigns. The model can give relatively accurate Us(Te)  UsNgMoV Nyl
predictions of plasma behavior under various conditions. where
MODEL EQUATIONS - RL
deff 2(Rh+LhR) (4)
Since the guasi-independent control of the ion flux through n, L 72
the source power and the ion bombardment energy through the hL=n_u:0-8%3+2_)\D ®)
chuck power is possible, the ICP etching system can be consid-
. . . . -2
ered as a combined plasma system by capacitive and inductive |, —Nsw_q gl +RO 6
coupled discharges: N, i
[ICP System]=[Inductive Coupled Discharge] =L )
+[Capacitive Discharge] (1) L oN,

Eq. (1) is a conceptual frame of the global self-consistent modewhereo, n, and r; are the cross section for momentum trans-
used in this work for a cylindrical ICP etching system shown in fer between ions and neutrals, and ion densities at the axial edge

Fig. 1(a). and at the radial edge of the sheath, respectively. Eq. (3) indicates
We have the following assumptions for the ICP system havingthat the electron temperature is determined by the ion-neutral
a cylindrical geometry: mean-free path\(), not by the electron energy balance. Hence,

the effect of gas pressure is incorporated by means of an effec-
(1) A uniform cylindrical plasma is assumed for the inductive tive plasma size (g that is a function of a mean-free path. The
coupled discharge, and Maxwellian electrons absorb the electriionization rate constant is a function of electron temperature and
cal power supplied through an inductive coil. This is generally can be expressed as an Arrhenius form [Lieberman et al., 1993,
acceptable because at high density a plasma’s electron-electrdi®94; Wu et al., 1997]:
collisions change the electron distribution function to Maxwellian .
form [Liberman and Lichtenberg, 1994; Kortshagen et al., 1995]. K, =k,U. ex TIZ% (8)
(2) For the capacitive discharge, the ions respond only to the ¢
time-averaged potentials, while the electrons respond to thevhere k, U, andg, are a constant, electron mean thermal speed
instantaneous potentials and carry the rf discharge current. ThE8T,/Tim,)*?, and ionization energy, respectively.
plasma and the sheath are allowed to be inhomogeneous. The total energy loss per electron-ion pair in the system is
(3) The electron density is zero within the sheath regions, andjiven:
the ions enter the sheath with the Bohm velocity.
(4) The voltage across the sheath in the inductive discharge is
much smaller than that in the capacitive discharge. This is gewhere €, €, and € represent the collisional energy loss per
nerally true, and leads to an assumption that the stochastic heatlectron-ion pair, the mean kinetic energy lost per electron, and

E=EHETE, 9)

Korean J. Chem. Eng.(Vol. 17, No. 3)



306 Y.-B. Hahn and S. J. Pearton

. L 12
the ion bombardment energy (or the mean kinetic energy lost B...~0. 45%5 e’ TV, a7

per ion), respectively, and they are given by [Liberman et al.,

1993, 1994; Stewart et al., 1994], In Egs. (16) and (17)p represents the radian frequency of a

KeEex T3K(MVT)T, capacitive plasma source, 6 the sheath potential, and d is

S Ki, (10) the plasma size and approximated as €24, The sheath
_ thickness (9 formed by the capacitive discharge can be ob-
&=@mM)T, (1 tained by the Child law for the self-consistent ion sheath, which
£=2T. (12) is obtained by integrating the Poisson equation for the instanta-
neous electric field within the sheath layer.
8|:%{1+|n%¥g| (13) The electron power balance equation for the capacitive dis-
m charge is then obtained by
The overall global power balance for the inductive coupled P.=P,,+ 2Punc=2enu.(e, +2T.) (18)

discharge is written as
It is worthwhile to note that the ohmic heating power can be

P. = CUNALE: (14) neglected if the reactor pressure is sufficiently low. Sigeg,u

where P, and A, are the power absorbed in the plasma angfor a collisionless sheath, the ion flux at the sheath edge can be
an effective area of plasma, respectively. Eq. (14) can be usef@lculated from Eq. (18). The total power absorbed per unit area
to calculate the ion density of the inductively coupled discharge.for the capacitive discharge is then found as

The sheath thickness formed by the inductive discharges can P, ccr=2€NUg(E. € +2T,) (19)

be obtained b
Y where, neglecting the voltage drop across the bulk plasma,

s _0-8%,(fr2e Vi (15) V=0.42V,=0.83V.. V, is the rf voltage applied to the sample
" Uenug UMK -R)? chuck. Combining Egs. (18) and (19), we find
where (r-R) is the thickness of the dielectric interface separating _o 03,083V
coil and plasma, fis the radius of the inductive coils, angi¥ Pavccp_PE% g, +2T.0 (20)

the voltage of ICP rf source. .
2. Capacitive Discharge Hence, the total power absorbed in the ICP system can be

Since the sample chuck is capacitively driven by an addi-Obt"’“r_1Gd by summing Egs. (14) and (20). . .
tional rf power supply in order to increase the ion bombard- Using Egs. (1), (5), (14) and (18), we obtain the overall ion

ment energy, a capacitive discharge is also formed in the IC:Fdensity and ion flux at the sheath edge in the ICP etching system

system. The voltage across the sheath in the capacitive discharge _ _ Bt 2Puce
is much larger than that in the inductive discharge, and in turn ™™ se ™ Mes= Mo 50 20Ty
the stochastic heating within the inhomogeneous sheath becomes

more significant. Furthermore, the decreasing ion density within

the sheath leads to a Child law variation of the density, an in4t is worth noting that Egs. (1), (21) and (22) can be used for
creased sheath width, and an increase of the sheath velocitfie reactive ion etching (RIE) system by settigg=0 and
[Lieberman and Lichtenberg, 1994]. The increase in sheathG,=0.

width decreases the total sheath capacitance. Hence, a self-cog-Etch Yield

sistent model must account for all of these effects together and Etch yield can be defined as number of atoms etched per
consider collisionless sheath dynamics. The structure of the rfncident ion and expressed as:

sheath is illustrated in Fig. 1(b). lons crossing the ion sheath

boundary at x=0 accelerate within the sheath strike the elec- Yzﬁwﬂzw (23)
trode at x=S X FiM,

In the capacitive discharge system, the power transfer mechwhere , p, M., N and A represent etch rate, density and mole-
anism consists of ohmic heating (the power transferred to thecular weight of the material to be etched, Avogadro number
electrons due to collisional momentum transfer between electronand number of atoms per one molecule of the substrate, respec-
and neutrals in the bulk) and stochastic heating (the power transively. The etch yield is then calculated given etch rate with the
ferred to the electrons within the sheath). Details of all of thesgon flux at the sheath edge obtained from Eq. (22).
are described elsewhere [Lieberman and Lichtenberg, 1994].

1)

r|:r|,|cp+r|,ccp:nsu5 (22)

Since the mean free path of ions is greater than plasma radius RESULTS AND DISCUSSION
in the ICP system (i.e\>(T;/T,)d), the electron ohmic heating
power per unit area is given by Model predictions were made for an argon discharge in an
ICP system (R=15 cm and L=6 cm), and compared with those
F’umF1-732%%1—5%0(02%(1%)”& (16) obtained by Stewart et al. [1994jing a two-dimensional fluid
° model. The results are shown in Fig. 2 in terms of electron tem-
The stochastic heating power is given by perature and plasma density with varying pressure and ICP
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6 238
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g rf Chuck Power (W)
e 10 4 ° Fig. 3. Effect of rf chuck power on ion flux at the sheath edge
3 (500 W ICP, 5 mTorr, Ar plasma).
5 °7 °
= o energy but also the ion density entering the sheath layer, result-
m T T T T T . . . . . . . .
0 200 400 600 800 1000 ing in an increase in etch rate (or etch yield) with increasing the

chuck power. However, the contribution of the capacitive dis-
charge to total ion flux in the ICP etching process is less than
about 6% at rf powers lower than 250 W, indicating that the
main role of the chuck power is to increase the ion bombarding
energy.

Model predictions were also carried out for the ICP etching
source power. Relatively good agreement between the two modsf InN in ICI/Ar plasmas in terms of etch yield and ion flux at
els was obtained, showing that the electron temperature was lesie sheath edge with varying the ICP source power, rf chuck
dependent on neutral gas pressure at higher pressures (Fig. fpwer and pressure. The InN samples were etched in a Plasma-
top). Although not illustrated, the electron temperature was in-Therm ICP system (R=20cm, L=18 cm). The ICP power, rf
dependent of the ICP source power, indicating that it is only achuck power and pressure were varied between 0-750 W, 50-
function of the ion-neutral mean free path or the reactor pres350, and 5-20 mTorr, respectively. The predicted results of etch
sure. The plasma density at the center of the discharge showedeld and ion flux together with measured dc-bias voltages are
a linear relationship with the ICP source power for both modelsshown in Figs. 4-6. Here, the etch yield calculation is based on
(bottom). The quantitative difference between the two modelsthe measured etch rate and predicted ion flux by using Eq.
is attributed to several reasons: (1) approximate expression of23). It is seen that the etch yield increased up to 500 W, and
d.(A\) and A4A) for the global self-consistent model, (2) appro- remained relatively constant at higher source power (Fig. 4).
ximation of the plasma potential in the two-dimensional fluid The ion flux increased monotonically with increasing the source
model (that is, peak potential minus 0 @nd (3) rough grid  power, while the dc-bias voltage showed the reverse trend. The
points used in the fluid model predictions. However, both modelsincrease in etch yield with increasing the source power is attri-
showed overall good agreement and the same trend, indicatin®
that the electron temperature and the plasma density are mainl

ICP Power (W)

Effects of pressure (top) and ICP source power (bot-
tom) on electron temperature and plasma density, re-
spectively.

Fig. 2.

determined by the ion continuity equation and the power balance
equation, respectively. This comparison leads to the conclusiot
that the global self-consistent model in this work can be usec
for predicting the plasma parameters in the ICP system with
less computational cost.

The global models developed previously did not take into
account the effect of capacitive discharge, leading to an inde
pendence of the ion flux on the chuck power. However, the
global self-consistent model proposed in this work includes its
effect. Fig. 3 shows the effect of the rf chuck power on the ion
density at the sheath edge for the argon ICP discharge. It i
seen that the ion flux increases substantially with increasing i
power (denoted by»), while that in the counterpart by the in-

dc Bias (-V)

600 -

500

400

Etch Yield

300 +

200 4

250 W rf, 13Arx/2ICl, S mTorr
—@— Etch yield

—— dc bias

~O - lon flux

lon Flux (10" cm?s™)

0 200 400
ICP Power (W)

T
600

800

ductively coupled discharge maintains a constant value (denoteflig 4. Effect of ICP source power on etch yield of InN, ion

flux at the sheath edge and dc bias voltage (250 W rf,
5 mTorr, 13 sccm Ar/2 sccm ICI).

by @). Hence the model predictions lead to a conclusion that
the rf chuck power increases not only the ion bombardment
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5001 limited by mass transfer of reactive species at the lower pres-
a1 e e [ .0 sures. However, as the pressure increases further, the etch yield
400 —m- dc bias o= - (or the etch rate) decreases mainly due to redeposition of etch
N O lonflux — w'; products. The higher dc-bias voltages and ion fluxes at higher
Z 30042 S pressure are attributed to increased collisional recombination.
8 > °
B 00|52 19 3 SUMMARY AND CONCLUSIONS
1} o 5
° i
100 g Our model takes account of the effect of the rf chuck power
-] - on plasma parameters, and produces relatively accurate predic-
tions of the plasma behavior in the ICP system. It was con-
od o r . . 18 ' .
0 100 200 300 400 firmed that the electron temperature and plasma density are
rf Chuck Power (W) mainly determined from the ion continuity and the power bal-

Fig. 5. Effect of rf chuck power on etch yield of InN, ion flux at ance equatlons, respectively. The model predictions Igad (0 the
the sheath edge and dc bias voltage (750 W rf, 5 mTorr, conclusion that the rf power increases not only the ion bom-

13 sccm Ar/2 scem ICI). bardment energy but also has an effect on the ion density en-
tering the sheath layer, resulting in an increase in etch rate (or

etch yield) with increasing the chuck power. The contribution
buted to the higher ion flux incident to the substrate surface anaf the capacitive discharge to total ion flux in the ICP etching

to the higher concentration of reactive species in the plasmaprocess is less than about 6% at lower rf chuck powers. In the
suggesting a reactant-limited regime. The constant etch yieldcase of etching InN, the etch yield increased monotonically with
with further increase of the power is mainly due to the compe-increasing the rf chuck power, and was substantially affected
tition between ion-assisted etch reaction and ion-assisted desy the ICP source power and pressure. The ion flux increased
sorption of the reactive ions at the InN surface prior to etchmonotonically with increasing the source power, while the dc-

reactions. bias voltage showed the reverse trend.
Fig. 5 shows the influence of the rf chuck power on the etch
yield, ion flux and dc bias. The dc bias voltage increased mo- ACKNOWLEDGEMENTS
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