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Inductively coupled plasmédCP) etching reactors are rapidly becoming the tool of choice for low

gas pressure, high plasma density etching of semiconductor materials. Due to their symmetry of
excitation, these devices tend to have quite uniform etch rates across the wafer. However, side to
side and azimuthal variations in these rates have been observed, and have been attributed to various
asymmetries in pumping, reactor structure and coil properties. In this article, a three-dimensional
computer model for an ICP etching reactor is reported whose purposes is to investigate these
asymmetries. The model system is an ICP reactor powered at 13.56 MHz having flat coils of nested
annuli powering Ar/N and C}, plasmas over a 20-cm diam wafer. For demonstration purposes,
asymmetries were built into the reactor geometry which include a wafer-load lock bay, wafer
clamps, electrical feeds to the coil, and specifics of the coil design. Comparisons are made between
computed and experimentally measured ion densities and poly-silicon etch ratgpliagtias. We

find that the electrical transmission line properties of the coil have a large influence on the
uniformity of plasma generation and ion fluxes to the wafer.1@€96 American Institute of Physics.
[S0021-897€06)08915-3

I. INTRODUCTION asymmetries in the inductively coupled electric field on the
, . uniformity of plasma generation and ion densities. Computed
Inductively coupled pIasm@CP)O reacztors are being de- o gensities and ion fluxes to the wafer are also compared to
veloped as high plasma density0" _101, cm ), Iow gas | angmuir probe measurements and poly-silicon etch profiles
pressurg< 10's mTory SOUICes for etching, and deposition i, ¢, plasmas. We find that asymmetries in the coil can
of semiconductor materials” ICP plasma etching tools for produce radial or axial electric field components commensu-

20 cm wafers have been demonstrated which have a highye jn magnitude to what is normally assumed to be a sym-

degree of uniformity for etch rates and selectivity as a funCyneic azimuthal component. The transmission line charac-

tion of azimuth and radius. Azimuthal asymmetries and Sidetgistics of the coil can also produce azimuthal variations in

to-side variations in these quantities, however, are not Unge ¢ojl current. These conditions produce commensurate
common occurrences  during tool developmfenthese \apiations in the inductively coupled electric field, electron

asymmetries have been correlated with azimuthal Va”at'onﬁeating, and ion production rates which may persist through
in_input a_nd pumpir)g of gases, gircuit issugs related to trangp,q plasma to the plane of the wafer. Coil generated asym-
mission line matching to the coil, and particulars of the ré-yqyries in these quantities are reflected in the etch uniformity
actor configuration. Modeling of plasma etching reactorsycrgss the wafer. Geometrical asymmetries, such as wafer
and ICP etch tools in particular, have sign_ificant_ly advanceqﬂau,npS and load lock bays for wafer handlers, also cause
over the past few years, and many two-dimensional model§e rpations in the ion flux. We will describe the model in

have been developéd:® These models have been useful in goc || and discuss results from the model for plasma prop-

investigating issues related power deposition, transport, angries in reactors having asymmetries in Sec. Ill. Compari-

plasma chemistry. However, due to their limited dimension-q,¢ are also made to electric probe measurements of ion

ality these models may not be able to address issues related ities and etching uniformity. Our concluding remarks
to reactor asymmetries. are in Sec. IV.

In this article, we describe a three-dimensional, time de-
pendent model for ICP and reactive ion etchiiRjE) reac- Il. DESCRIPTION OF THE MODEL
tors whose intent is to provide an infrastructure to investigate
asymmetries in plasma etching and deposition tools. We dis- The model is a three-dimensional extension of a previ-
cuss here results from the model for ICP reactors which denpusly described two-dimensional simulation called the Hy-
onstrate the effects of internal structures in the reactor anbirid Plasma Equipment ModéHPEM).”** As a point of
departure, the HPEM will first be briefly described followed
| o by modifications we made to that model for the three-
ectronic mail: mjk@uiuc.edu : . . .
Ypresent address: Lam Research, Inc., 4650 Cushing Parkway, Freemoﬁi(',mens"onaI ver5|on,.called HPEM-3D. The HPEM consists
CA 94538. of an electromagnetic modulEEMM), an electron Monte
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Carlo simulation (EMCS), and a fluid-chemical kinetics (the plasmacan be represented by an equivalent transformed
simulation (FKS). The inductively coupled electromagnetic impedance on the primary side of the circlilie coil. Each
fields are produced by the EMM. Those fields are used in théliscrete elemenflabeledi) of the transmission line is com-
EMCS to generate the electron energy distribution as a fungosed of a sum of impedances
tion of position and phase in the radio frequeridy cycle. . :
The electron distributions are then used to produce electron Zi=~lobkgti/oCoitRet Zri, @)
transport coefficients and electron impact source functionswhereL, is the physical inductance of the cod, represents
These values are transferred to the FKS in which the denseapacitive coupling of the coil to the plasng, is Ohmic
ties for all charged and neutral species are obtained, anesistance of the coil, ard; is the transformed impedance of
Poisson’s equation is solved for the electrostatic fields. Thehe plasma. Apportionment of these quantities along the coil
momentum equations for ions and neutral species can also e each element in the transmission line is performed on a
solved as an option, thereby accounting for inertial effectgyeometrical basis. The coil voltage and curréamplitude
and gas flow. The densities, conductivities, and electrostatiand phasgof each element along the coil are obtained by
fields obtained from the FKS are then transferred to thesolving the resulting circuit equation in the frequency do-
EMM and EMCS. This iterative cycle is repeated until a main. This treatment therefore addresses only the fundamen-
converged solution is obtained. Another option to the HPEMtal frequency of excitation. The amplitude of the driving
replaces the EMCS with a Boltzmann—Electron energy equavoltage is derived by requiring that the power deposition in
tion module(BEM). This option was used for the HPEM-3D, the plasma be a specified value. The transmission line cur-
and so will be described below. rents are then used as driving terms in the solution of the
The HPEM-3D is functionally equivalent to the HPEM wave equation. These currents are periodically updated dur-
with added dimensionality. The coordinate system may béng the iterative SOR solution of the wave equation for the
cylindrical (r,®,z) or Cartesian(x,y,2, and in this article electric fields.
results for a cylindrical coordinate system are presented. The The form of the transformed impedance we used has
EMM of HPEM-3D solves for(r,®,z) components of the been discussed by Piejak al 1 The transformed impedance
complex inductively coupled electric fiel&. Following the  of the plasma is given by
usual proceduré;'? a wave equation is formulated from
Maxwell's equations by assuming that the charge density Z:= @

p=0 and that the plasma is collisional. The latter assumption p

2

. . w
—|wLp+Rp(1—|v—”, M2=KLcL,,

m

results in currents in the plasma being described syE, (53
where o is the conductivity. The wave equation we imple- o 2
mented is Zi= ( wl,+ —Ry| +R3, (5b)
Um
2
V. EVEz J ;;E) + a(aij Jo) ) (1)  whereL, is the discharge inductance of the plasmgis the
)72

momentum transfer collision frequency in the plasiRajs

J, represents externally driven coil currents we obtain from dhe plasma resistance, akds the transformer coupling co-
transmission line model for the cofsee below. Equation efficient, estimated to be 0.25 here. We calculated an effec-

(1) is solved in the frequency domain by assuming the elective plasma resistance from

tric field is harmonic,
_ : j-Ed®
E(r,t)=E(r)expfi[ot+ ¢(r)]}. 2 R _ ®
The conductivity we used is complex and is the sum of the P if (fj(a)-dA sz'
conductivities of each plasma species, 2
qznj where j=¢E is the plasma current and the integral in the
‘722 o)’ 3 denominator is over the cross sectional area. The numerator

is the total power deposition. The denominator is the circu-

lating current. The effect of this integral is to more heavily

wheren;, mj, andy, are the density, mass, and momentumweight plasma transport coefficients in regions of the plasma

transfer collision frequency of specigsThis procedure re- where the electric field is large.

sults in three-dimensional partial differential equations for  |n the cases discussed here, the EMCS typically used in

the electric field component , E;, andE, which are itera-  the two-dimensional HPEM was replaced by the Boltzmann-

tively solved in the frequency domain using the method ofelectron energy equation module. This decision was made

successive-over-relaxatigSOR).’ based on the large memory requirements for storing the elec-
The externally driven currents in the coil are obtained bytron energy distribution at each spatial location in the 3D

representing the coil as a transmission line beginning at thghesh, and the large number of pseudoparticles required to

rf generator and terminating at groutid.The electrical obtain acceptable statistics. In the BEM, we solve an electron

length of the transmission is mapped to the spatial dimensioanergy equation for average energy

along the path of the coil. The coil-plasma system is further

represented as a single turn transforfidfollowing conven- I(Ne€) _ (5 )

; ] =P(e)—n 2 Niki— V| sep—AVT,], (7)

tional transformer theory, the impedance of the secondary  dt g 3

m]VJ(1+—
Uj
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whereT, is the electron temperatufdefined ag2/3)¢], n, is
the electron densityobtained from the FKS P is the elec-
tron power depositiofobtained from the EMM and FKSk;

is the rate coefficient for power loggV-cnt's™?) for colli-
sions of electrons with specié$iaving densityN; (the latter
obtained from the FKS) is the electron thermal conductiv-
ity, and ¢ is the electron fluxXobtained from the FKE This g;g,@gggv
equation is solved in the steady state in three-dimensions :
using an implicit SOR technique. An electron temperature of
0.05 eV is assigned to all surfaces in contact with the plasma

20
2

SfTTT
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and the thermal conductivity is assigned appropriate values - : 5
. . . ) T T
across the sheath commensurate with the electron density in E Ferp 0" ® oo
the sheath. This effectively results in an adiabatic boundary o £ I R N
d.tion g [ A A S S
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The electron transport coefficients and rate coefficients ¢ ™ g WINDOW
. . . . T i
for use in solving Eq.(7) are obtained by solving Boltz- fopree) ousNG
. . . . WAFER
mann’s equationBE) using a two-term spherical harmonic 'ﬁpuw,
expansiort? BE is parameterized over a rangefN, and a 0 . | |PORT
table of transport coefficients as a function efis con- N ‘ i M

colL

structed. This table is then interpolated during solution of Eq.
(7). The electron energy equation and B generate the

N i S A ]

e : § P r
lookup table are solved on each iteration through the simu- Zes| QuarTz i
. . . & HOUSING
lation based on updated densities, mole fractions, fluxes, and# I oo ok
power deposition. s BAY
Charged and neutral particle densities are generated, and . .
Poisson’s equation is solved, in the FKS. To minimize com- 20 0 10 20

RADIUS (cm)

puting resources, the ion momentum equations were not
solved in the cases presented here, and so drift-diffusion exsG. 1. Schematic of the ICP geometry used in this stely Downward
pressions were used for all species. Poisson’s equation Igoking view of the top of the coil. The coil has two turns with a radial
solved using a semi-implicit technique as described in Ref. 7¢oupling segment, and is fed by two axial segments. The coil feed along
In doing so. the time step is tvpicall a.—9104 times lonaer sectlpn Cis 'pov.vered; the other feed is termlna(ebe(d) for the axial

n g o . p _yp y g location of this view] (b) Downward looking view of the chamber from the
than the dielectric relaxation time. All fluxes and spatial de-just below the quartz window. The outline of the wafer clamp support struc-
rivatives are couched in finite difference form using a con-ture, substrate, wafer, and load lock bay are shdBee(d) for the axial
servative donor cell technique. The transport equations arl@cation of this view] (c)-(f) Radial sections of the reactor at 4 azimuthal

. .. . . . locations.[The azimuthal location of the radial sections are shown by the
integrated in time to a quasisteady state solution using acceﬁ2 L y

ection markers ifa)].
eration techniques to speed the convergence of the model.
Although, the capability exists to rf bias any surface in the
reactor, the results presented here will not consider substrag{;zcept the wafer. The second asymmetry consists of 3 dielec-
bias; only the coil is powered. Except for the added dimen-

. . . . . tric support structures for the wafer clamp. The computa-
sionality, the algorithms used in the FKS are essentially th?ional mesh is approximately 480 mesh points in thé,2)
same as in the 2D HPEM. '

plane and 48 planes in the azimuthal direction. The species
included in the simulation are electrons, Ar,(48), Ar™, N,,
and N;. The electron impact and heavy particle reactions for
these chemistries are discussed in Refs. 7 and 15. In addition
The first cases discussed here will be for an idealizedo those processes, we include charge exchange betwéen Ar
ICP reactor, schematically shown in Fig. 1, powered by a flaand N,, and quenching of A#s) by collisions with N.
coil at 13.56 MHz set on top of a quartz window. The wafer ~ One of the most important characteristics which deter-
is 20 cm in diameter. The substrate to window spacing is 7.5nine the azimuthal symmetry of the plasma are the circuit
cm. The gas mixture is Ar/N=95/5 at 15 mTorr with a parameters of the coil. Two critical components in this re-
power deposition of 400 W. Although, this is not an etchinggard are the amount of capacitive coupling from the coil to
gas mixture, it does capture many of the features of typicathe plasmdor other metal structurg¢snd the discrete termi-
molecular gas mixtures used for etching with the exceptiomation impedance to the coil, in these cases a capacitance.
of negative ions. The coil has two azimuthal turns, coupledrinite capacitive coupling from the coil reduces the conduc-
by a radial segment, and is fed by 2 axial current segmentsion current along the path of the coil, thereby reducing the
The physical inductance of the coil i81.8 uH. Asymme-  magnitude of the local inductive electric field. This capaci-
tries have purposely been built into the reactor for demontive coupling is controlled, in part by the cross sectional
stration purposes. The first asymmetry is a wafer handleshape of the coil and its proximity to the plasma. The termi-
port leading to a load lock. The load lock bay is an openingnation capacitance determines the location of the voltage
in the outer wall of the reactor having an extended sized t@ero crossinggand current maximain the standing wave

. ASYMMETRIES IN INDUCTIVELY COUPLED
PLASMA REACTORS
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nents do make significant contributions. For example, the
“hot spot” in the electric field at the top of the figure for the
case using a 100 pF termination impedance corresponds to
the radial coil segment joining the two annuli. The local
minimum in electric field close to the “hot spot” corre-
sponds to the gap in the coil in the outer turn. The scaling
shown here, that of improved uniformity with increasing ter-
mination capacitance, is not a general result since the electric
field parameters depend, for example, on the degree of ca-
pacitive coupling and geometry of the coils.

The scaling shown in Fig. 2 correlates well with the
transmission line characteristics of the coil and plasma for a
system in which the length of the coil is less than 1/4 wave-
length. In the absence of the termination capacitance, the
reactance of the coil is=390 (). With a small termination
capacitancé25 pB, the termination reactande=480 (}) is
larger than that of the coil. The current should therefore de-
crease along the coil, producing a maximum in the electric
field near the input, which is observed. For a large termina-
tion (400 pB, the termination reactance is smaller30 )
than that of the coil. The current should therefore increase
along the coil, producing an electric field which peaks nearer
the termination, which is also observed.

The total ion density and electron temperature are shown
in Fig. 3 for the Ar/N, plasma at different axial locations.
[The heights of thesér,6) “slices” are indicated by the
double arrows in Figs.(®) and Xf).] The outlines of struc-
tural members in the reactor are shown in white. The lowest
(r,0) slice is a few mm of above the wafer and within the
confines of the wafer clamp. The highdst6) slice is be-
tween the top of the load lock bay and the quartz window.
The termination impedance is 80 pF and the capacitive coil
coupling is=1 pF/cm. These circuit values and geometries
were purposely chosen to demonstrate asymmetries in
plasma conditions and should not be considered as being
optimized in any way. These circuit values do, however, rep-
resent typical component values which are encountered in
construction of the coils.

The electron temperature is 4.2—4.4 eV directly under

0 16 the quartz window in an annular region corresponding to the
POSITION (cm) annular electric field. There is, however, a peak in the elec-
FIG. 2. Magnitude of the inductively coupled electric field in the Iasmafortron temperature on the left side of the reactor under the
a (r;o9).slicéJ ~0.5 cm below the qyuartzpwindow. Results are ghown for quartz Wme\_N_ where there IS a peak m_ th_e ele(_:m(_: fle_ld and
termination impedances of the coil of 25, 100, and 400 pF. The maximurPOWer depositiorisee Fig. 2 This electric field distribution
value of the electric field is shown at the top. The azimuthal symmetry of theproduces a local maximum in both ion production and
electri_c field impr_ove_:‘s with incrc_—:asing termination capacitance while thep|asma potential. The high thermal conductivity of the
peak in the electric field rotates in angle. . . . .

plasma disperses the maximum in the electron temperature in

the azimuthal direction and fills in the central cool region, so
along the transmission lin&€.For example, the magnitude of that near the substrate the electron temperature is signifi-
the inductively coupled electric field in a plare0.5 cm  cantly more uniform than near the quartz window. There
below the quartz window is shown in Fig. 2 for termination remains, however, a vestige of the electron temperature “hot
impedances of 25 pF, 100 pF, and 400 pF. The capacitivepot” as low as the plane of the wafer.
coupling of the coil is=1 pF/cm of length while the skin The ion density has a maximum value ofl.5x10"
depth in the plasma is-1.5—2 cm. For these conditions, the cm™2 approximately 2.5 cm below the quartz window. Near
symmetry of the electric field improves and the location ofthe quartz windowthe highesir,6) slice in Fig. 3, there is
the maximum in the electric field rotates as the terminatiora local azimuthal maximum in the ion density in the lower
capacitance increases. Maximum electric fields range fronteft quadrant of the reactor, located near the azimuth where
4.5 to 6.5 V/cm. Although, the electric fields are dominatedthere is a peak in the electron temperature. The locally high
by the azimuthal component, the radial, and axial compoelectron temperature produces higher ionization rates at that

POSITION (cm)
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DENSITY Z=10.2cm TEMPERATURE
7.0x 1010 ¢m-3

Z=54cm

FIG. 3. Total ion densityleft) and electron temperatufeght) for (r,6) slices at difference axial locations. The axial locations are shown by the double arrows

in Figs. 1e) and 1f). The termination impedance 80 pF. The maximum value for the ion density or electron temperature in each frame is indicated in the
figure. The local maximum in electric field just below the quartz window produces a maximum in power deposition, electron temperature, and ion source. The
wafer clamp support structures and load lock opening perturb the plasma density by altering the local diffusion lengths.

location. The peak in the ionization rate near the quartz winlocal maximum is due to the locally longer diffusion length
dow, though dispersed by diffusion, is still evident at theinto the load lock bay which results in lower rates of ion loss
plane of the wafefthe lowest(r,6) slice in Fig. 3. The wafer  to the walls. This also results in there being a lower rate of
clamp support posts provide recombination surfaces for thplasma loss from the volume above the wafer at those azi-
plasma, which produce a lower plasma density extending enuthal locations. The end result is a small amount of “skew-
few cm beyond the posts. This can be seen in the middléng” of the ion density towards the load lock bay opening.
(r,0) slice in Fig. 3. The ion diffusion losses to the wafer The fact that the antenna generated azimuthal asymme-
clamp support structures contribute to lower ion densities atries in plasma production can persist to the plane of the
the plane wafer at their azimuths. The plasma density has &afer places added importance on proper coil design. To
local maximum in the opening to the load lock bay. Thisisolate these effects, experiments and modeling were per-
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AXIAL COIL 16

0
QUARTZ POSITION (cm) POSITION (cm)

WINDOW

HOUSING ELECTRON TEMPERATURE (eV) ELECTRON TEMPERATURE (eV)
| 16

16|
o2

AXIAL COIL
FEED |
(POWERED)

|
QUARTZ
WINDOW

AXIAL COIL 16 0
FEED POSITION {cm)

(TERMINATED)

0
POSITION (cm)

FIG. 5. Predicted parameters for ICP reactors having one-turn and five-turn

COIL coils. (@)—(b) Inductively coupled electric fields 0.5 cm below the quartz
HOUSING window and (c)—(d) electron temperature. The plasma conditions are 5
16 I mTorr of Cl, and an ICP power deposition of 250 W. The contour labels are
16 0 16 the percent of the maximum value indicated in each figure. For reference,
POSITION (cmj the locations of the current feeds are indicated. The reactor having the one-

turn coil produces an asymmetric electric field and a commensurate asym-
FIG. 4. Coil patterns for comparison of ICP reactors haymmne-turn and ~ metry in the electron temperature.
(b) five-turn antennas. The location of the powered and terminated current
feeds are shown. The coils are terminated with a 80 pF capacitor to ground.

rant. The azimuthal nonuniformities in electric field produce
formed on an ICP reactor whose internal structures wereorresponding nonuniformities in the electron temperature.
symmetric in the azimuthal direction. For these cases, wd&he electron temperature for the one-turn coil peaks on the
removed the load lock bay and wafer clamp support strucleft side of the reactor, while that for the five-turn coil is
tures from the computational geometry discussed above. Thekewed towards the lower right quadrant.
only asymmetries are with the coil. Two designs which use  These asymmetries in electron temperature produce
one- and five-turn coils were experimentally and computaasymmetries in ionization rate and ultimately ion densities
tionally investigated. The plasmas were sustained in 5 mTorwhich persist to the plane of the wafer. For example, experi-
of Cl, with 250 W of power deposition while etching 200 mental and model derived values for ion density as a func-
mm diam poly-silicon wafers. lon densities were obtained bytion of azimuth are shown in Fig. 6 for the one- and five-turn
measuring ion saturation current with a Langmuir probe. Incoil reactors. These values are for ion densitidscm above
modeling these experiments, the species we included are Clthe edge of the wafer. The azimuthal angle is measured with
Cl3, Cl, CI*, CI", and CF. The reaction mechanisms are the respect to the axial current feed on the powered side of the
same as discussed in Ref. 7. The coil patterns we used in tlail. For the one-turn coil, there is an azimuthal variation in
simulation are shown in Fig. 4. The coils were terminatedion density of approximately-20% whose maximum maps
with 80 nF capacitors. The physical inductance of the onefin angle to the maximum in electron temperature at the
and five-turn coils in the model were 1.F and 3.6uF with  plane of the quartz window. The ion density with the five-
capacitive coupling of 1pF/cm, commensurate with experiturn coil is significantly more uniform as a function of azi-
mental measurements of the electrical properties of the coilsnuth.

The computed inductively coupled electric fields and For these plasma conditions, the poly-silicon etch rate is
electron temperature for the one- and five-turn coils at an the “ion starved” regime. Although, the etching is domi-
plane~0.5 cm under the quartz window are shown in Fig. 5.nantly by neutral Cl atoms, the uniformity of etching is
The electric field for the one-turn coil is asymmetric and hadargely determined by the ion flux uniformity. This is par-
an amplitude 10%-15% higher on the side of the reactoticularly true in C, plasmas where the Cl atom has a low
adjacent to the powered current feed. The electric field foreactive sticking coefficient on side walls, and therefore has a
the five-turn coil is more uniform in the azimuth, but doesfairly uniform distribution throughout the reactor even
have a small azimuthal maximum in the lower right quad-though it may be produced nonuniformly. Experimental
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0.0 ) . . five-turn coils with plasmas sustained in 5 mTorr of, @lith 250 W ICP
) 90 180 270 360 power. (a) and (b) Experimental etch rates for poly-silicofic) and (d)
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FIG. 6. Experiment and model derived ion densities 1 cm above the edge of

the wafer as a function of azimuth location f@ one-turn andb) five-turn IV. CONCLUDING REMARKS

coils. The reactor with the one-turn coil has a significant azimuthal variation

in the ion density. The discharge conditions are 5 mTorr gfv@ith 250 W In conclusion, a three-dimensional model for inductively

ICP power. coupled plasma etching reactors has been presented. The
consequences of coil design and asymmetries in the chamber
construction on the plasma properties have been discussed.
The uniformity of plasma production can be largely con-
é[olled by proper selection of circuit elements which deter-
mine the capacitive currents and standing wave pattern for
the coil. We showed that azimuthal and side-to-side asym-
metries in etch rates can be directly correlated to similar
asymmetries in the inductively coupled electric field and ion
production rates. These asymmetries persist to the plane of
the wafer. Proper coil design can eliminate these asymme-
éries and produce azimuthally symmetric etching rates.

measurements of the poly-silicon etch rates and model pr
dictions for the ion flux to the wafer for the one- and five-
turn coil geometries are shown in Fig. 7. The ion flux is the
sum of the fluxes for Gl and CI*. The peak etch rates are
approximately 1890 A/min for the one-turn coil and 2084
A/min for the five-turn coil, a ratio of 1.1. The peak ion
fluxes are 9.&10" and 1.2x10' cm 2 s7%, respectively,
also a ratio of 1.1. For the one-turn coil, the etch rate show:
a side-to-side variation, with the maximum at an azimuth
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