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Magnetically enhanced inductively coupled plastiMEICP) and helicon sources for materials
processing are of interest because of their ability to deposit power within the volume of the plasma
beyond the classical skin depth. The location and manner of power deposition can vary substantially
depending on the mode of operation and reactor conditions. The coupling of electromagnetic fields
to the plasma typically occurs through two channels; a weakly damped heliconlike wave that
penetrates into the bulk plasma and an electrostatic wave. The electrostatic wave can often be
suppressed resulting in the helicon component being responsible for the majority of the power
deposition. A computational investigation was conducted to quantify this heating and determine the
conditions for which power can be deposited in the downstream region of MEICP devices. For
typical process conditiond0 mTorr, 1 kW ICB and magnetic fields above 40 G, radial and axial
electric fields exhibit nodal structure consistent with helicon behavior. As the magnetic fields are
increased, axial standing wave patterns occur with substantial power deposition downstream. The
ability to deposit power downstream with increasiBdjield is ultimately limited by the increasing
wavelength. For example, if the plasma is significantly electronegative in the low power—high
magnetic field regime, power deposition resembles conventional ICP due to the helicon wavelength
exceeding the reactor. @001 American Vacuum SocietyDOI: 10.1116/1.1329122

[. INTRODUCTION given power deposition than ICP sources. Landau damping
has been proposed as one mechanism through which more
As the Semiconductor industry transitions to |argel’ Waferefﬁcient heating may OCCL}F. In th|s proceSS, energetic pri_
sizes(=300 mm) plasma sources which are capable of main-mary electrons are produced through trapping and accelera-
taining process uniformity over large areas will be requiredtjon py a helicon wave. The electrons produce ionization,
Magnetically enhanced inductively coupled plastiEICP)  owering their energy and generating a low energy second-
and helicon sources have been proposed as possible alterngy The wave reaccelerates electrons after each ionization
tives to conventional inductively coupled plasméCP)  gyent. Scharer and Gui found that trapped electrons appear as
sources due to their high ionization efficiency and their abile magnetic field amplitude increases, and that the electron
ity to dgposn power within the volume of the plasid. _energy distribution has a bunching of particles with energies
Operation of MEICP and helicon sources at low magnetlcnigher than the ionization energy of the dagecent mea-
fields (<100 G is not only economically attractive, but may surements of the phase of the optical emission from high-
enable greater ion flux uniformity to the substrate than higr]Xing short-lived excited states of Arshowed them to be

magnetic field devices such as electron cyclotron resonantFe|i correlated with the phase velocity of the helicon wate.

sources since ions are only moderately magnetized.
Chen and Boswell, and Cheetham and Rayner have iderEIaCkwe" et al, however, have recently found that there

tified several modes of operation for MEICEE, summa- may be too few phased fast electrons to account for a major

rized as electrostatic, inductive, helicon, and high pressur%lOrtlon of the ionization to occur through Landau damping.

helicon mode&? In the inductive mode fields are evanescent ' °' ¢ recently, Kwak suggested that much of the electron

and decrease in amplitude with a classical skin depthhggtwgv(;%mes from an electrostatic component of the heli-

whereas the helicon mode consists of low frequency whistlef h finite el is taken i . Id
waves occurring in that region where the electromagnetic When a finite electron mass IS taken into accoupt Inaco
frequency,, lies between the lower hybrid frequency and plasma model another solution to the wave equation appears

the electron cyclotron frequencyy.., and well below the in bounded geometries at frequencies above the lower hy-

plasma frequenc} Degeling and Boswell have suggested brid. This is referreq to as the eIt_actro;tatic Trivelpiece—
that the transition from an ICP to a helicon mode occurs as &°uld (TG) and was identified by Trivelpiece and Gould as.
result of a positive feedback as the skin depth decreases tB€ cavity le7|genmode of a cold plasma, space charge wave in
the scale length of the systerh. a cylinder.” In unbounded plasmas these waves are com-
MEICPs typically have a higher plasma density for amonly referred to as whistler waves. The TG mode has been
observed in plasmas at high ratios of wave frequency

aElectronic mail: r-kinder@uiuc.edu wlw.~0.1-2.0. Being nearly electrostatic and of short ra-

YElectronic mail: mjk@uiuc.edu dial wavelength, these waves are strongly absorbed as they
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propagate perpendicular to the externally applied static magdiscussion of our results in Secs. IlI-V. Concluding remarks
netic field lines. In this regard, it has been suggested thare in Sec. VI.

helicon waves deposit power by coupling to TG waves at the

radial boundary, which are then rapidly absorb&dChen

et al. proposed that this mechanism, rather than Landadll. DESCRIPTION OF THE MODEL

damping, accounts for the efficiency of helicon sourCes. Algorithms were developed to enable investigations of

Borg and Boswell hgve .suggested that the_TG mode MaXiE|CP tools using the HPEM. The HPEM has previously
enhance wave damping in the presence of high electron coleen gescribed in detail, and will only briefly be discussed
I|S|on_ rates due to a high electric field amplitude near the,qe22-24 The HPEM is a two-dimensional, plasma equip-
location of resonant power ﬂEB?' ment model which consists of the Electromagnetic Module
One common characteristic feature of many MEICP and(EMM), the Electron Energy Transport Modul&ETM),
helicon devices is their ability to produce a maximum plasmayng the Fluid Kinetics SimulatioiFKS). Electromagnetic
density in the downstream region of processing chamberge|gs and corresponding phases are calculated in the EMM.
(remote from the antenpawhich implies that substantial These fields are used in the EETM to solve the electron
power deposition also occurs downstreém Strongly energy conservation equation to generate sources for electron
damped electrostatic TG waves can reach the plasma core @ipact processes and electron transport coefficients. These
low magnetic fields, while at high fields they deposit powerparameters are transferred to the FKS where momentum,
at the periphery of the plasma column. For conditions whergontinuity and energy equations are solved for all heavy par-
the TG wave is suppressed the helicon component deposigles. A drift diffusion formulation is used for electrons to
the majority of the power within the plasma volume. The enable an implicit solution of Poisson’s equation for the elec-
collisional damping of helicon waves is weak and propagatric potential. The species’ densities and electrostatic fields
tion along the external static magnetic field lines can occuproduced in the FKS are transferred to the EETM and the
under many experimental conditiofs.Such propagation EMM. These modules are iterated until a converged solution
may allow for power deposition to occur in the downstreamis obtained. The options used in the HPEM are continuity,
region of MEICP devices. momentum, and energy equations for all neutral and charged
To investigate the coupling of the electromagnetic radia-heavy particles. The electron energy equation was solved to
tion to the plasma in MEICPs, algorithms were developedobtain the electron temperature.
for wave propagation in the presence of static magnetic fields The EMM portion of the plasma model was improved to
using the two-dimensional Hybrid Plasma Equipment Modelresolve three-dimensional components of the inductively
(HPEM).?2=24 A full tensor conductivity was added to the coupled electric field based on two-dimensional applied
electromagnetic module, which enables one to calculatenagnetostatic fields and the azimuthal antenna currents. The
three-dimensional components of the inductively coupledesults discussed here are for a two-dimensi¢@al) (r,z)
electric field based on two-dimensional applied magnetoazimuthally symmetric geometry. The fluid equations for
static fields. Electromagnetic fields were obtained by solvingsontinuity, and momentum and energy transport are there-
the wave equation where plasma neutrality was enforced. Bfpre solved in two dimensions. However, given azimuthal
neglecting the divergence term in the solution of Maxwell’'santenna currents aridz) magnetostatic fields, all three com-
equations the effects of the TG mode on plasma heating afeonents of the inductively coupled electric field ¢,z) are
ignored. The purpose of these investigations was to detegenerated, and we therefore solve for these three compo-
mine the effect of helicon heating and the ability to deposithents. Local power deposition is computed in 2D from
power in the downstream region of helicon devices. An ef-P(F)=J-E, J=&-E, where J, o, E are the three-
fective collision frequency for Landau damping was also in-dimensional current density, tensor conductiige the fol-
cluded and is most influential in the low electron density orlowing), and electric field. This 2D power deposition is then
high magnetic field regimes. However, it was observed that itised in the electron energy equation to obtain the electron
only has a minimal effect on power deposition efficiency.temperature, source functions, and transport coefficients.
Results for an argon plasma excited byrar0 mode field Assuming thatV-E=0, Maxwell's equations can be re-
at 13.65 MHz show a resonant peak in the plasma densitguced to the conventional wave equation where the electric
occurring at low magnetic fields which is attributed to off- field, E, is given in the frequency domain as
resonant cyclotron heating. At higher magnetic figlg450
G), radial and axial electric fields exhibit downstream wave V-—VE+ w?e’E=iwJ, (1)
patterns consistent with helicon behavior. The results agree
with experiments in which the plasma density increases awghereJ, o, o, ande are, respectively, the current density,
the magnetic field is increased, an effect attributed to thérequency, permeability, and permittivity. By setting: E
onset of a propagating helicon wave or to a change in the=0, we ignore the consequences of the electrostatic TG
helicon wave eigenmod@. The transition from inductive mode on plasma heating. The focus of this study is to inves-
coupling to helicon mode appears to occur when the fractiotigate the propagation and coupling mechanisms of the heli-
of the power deposited through radial and axial fields domicon component of the wave. In work to be reported else-
nates. The model will be described in Sec. Il, followed by awhere, we have included the electrostatic component in the
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wave equation by approximatirig- E=Ap/eo, whereAp is The current density has contributions from both the exter-
a harmonically driven perturbation. The results of that studynal antenna current and the conduction current generated in
indicate that the effect of the TG mode is to restructure théhe plasma due to the electromagnetic wave. The conduction
power deposition profile near the coils. However, the propacurrent is addressed by a cold plasma tensor,

gation of the helicon component is little affected, particularly

at large magnetic fields where the TG mode is damped. The J=dJ-E (2
results presented here are therefore most uncertain at low
magnetic fields. with
|
a’+B? aB,+B,B, —aB,+B,B,
= 1 | _.B,+BB, 4B  aB,+B,B, 3)
a a’+|B|?

aB,+B,B, —aB,+B,B, a?+B?

and where N;, I';, and S; are the species density, flux, and
source for species The flux for electrons is obtained using
Me ) o . A
a=— (vetiw), (4) a drift-diffusion formulation to enable a semi-implicit solu-
q tion of Poisson’s equation, described below. The electron

where &, q, ne, B, B,, By, B,, m,, and v, are, respec- fluxis given by

tively, the conductivity tensor, electron charge, electron den- KT

sity, magnetic field, radial, azimuthal and axial magnetic T _=z,.|g.N.Es— —: VNg|, 8
field components, electron mass, and effective electron mo- |Gel

mentum.t.ran.sfer collision frequency. An apalogous full ten-ynere ji is the electron tensor mobility having a form
sor mobility is 'used for electron. transport in the EETM andanalogous to EqA), T, is the electron temperature afd is
FKS, as described below. The ion current in solution of EQha electrostatic field. Fluxes for heavy partickegeutrals

(1) is ignored due to the low mobility of ion(r) is ob- 54 jong are individually obtained from their momentum
tained from the solution of Eq(l), using a sparse matrix equations

conjugate gradient methdf.

The effective electron collision frequency includes a term  JI’; 1 9 = =
=— HV(NikTi)_v'(Nivivi)_F HNi(ES'FUiXB)
I

for Landau dampingy,p, as described by Chéf, ot i
vip=4mf\mexp— ), 5 m
where Ve 2 NN (BT vy (©)
] |B|mew whereT; is the temperaturey; is the chargey; is velocity,
&= 20%uoNeT e © 1 1s the viscosity tensofused only for neutral specigsand

v;; is the collision frequency between spedi@sd specieg

nge_,Te IS the electron tempe.rature. FOP1, vip INCTEases e heavy particle temperature is determined by solving the
with increasing electron density at a constant magnetic field,

. . . ner ion
However, in typical helicon sources whetemay be less energy equation,
than unity, v, can decrease with increasing electron den-  g(N;¢;T;)

sity. The effective electron collision frequency is then the — =V «iVTi=PiV-v;=V-(Njv;e)
sum of the conventional momentum transfer collision fre-
quency,v,,, and the effective frequency for Landau damp- Niqizvi 5 Niqi2 £2
ing! Ve=Vmt Vip. - mi(Vi2+ 0)2) * m; v; S
The fluid continuity, momentum, and energy equations
are time integrated in the FKS to provide species densities, m;;
fluxes, and temperatures, and Poisson’s equation is solved +; 3mi+mj NiN;jvijke(T;=Ti)
for the electrostatic potential. Electron transport coefficients
and electron impact sources are obtained from the EETM. +
. o . S + 2, 3N;N;R; kgT; , 10
The species densities are derived from the continuity equa- 2 FRTTB (10
tion,
wherec; is the heat capacity; is the thermal conductivity,
‘9_Ni= _V.T+S ) P; is the partial pressure, arigl; is rate coefficient for for-
ot : ' mation of the species by collisions between heavy particles.
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There are heating contributions for charged particles from
both the electrostatic and electromagnetic fields.

The electrostatic field is obtained from a semi-implicit
solution of Poisson’s equation. The potential for use at time
t+At, &, is obtained from an estimate of the charge density
at that time which consists of the charge dengi\at timet,
incremented by the integral of the divergence of fluxes and £
sources over the next time interval,

m)

d
I

_ KTe
—Atqu~ e _qenevq)_mvne

(V/cm) Phase
15 g 21

+ALY, ;S . (11

The first sum is over the divergence of ion flu{es ob-
tained from Eq.(9)]. The following term accounts for the g
electron flux and contains the potential, thereby providing £20
the implicitness. The last term accounts for independemf
sources of charge which result from processes such as colli
sions, photoionization, secondary electron emission or elec
tron beam injection. Equatiorfll) is solved using the

method of successive-over-relaxation.

0 0
Radius (cm) Radius (cm)

[ll. PROPAGATION IN A SOLENOIDAL GEOMETRY
FéG. 1. Azimuthal electric field amplitude and corresponding phase in sole-

Smc.e helicon sourcgs can have complex ge_omemes’ noidal geometry fota) 10, (b) 20, (c) 40, (d) 80, and(e) 150 G. The process
solenoidal reactor was first used as a demonstration platforigyngitions are Ar, 10 mTorr, 1 kw power deposition. Increasing magnetic

and to provide validation. This geometry is schematicallyfield produces propagation in the axial direction.
shown in Fig. 1. The reactor is powered by a set of ring coils
that are driven at 13.56 MHz with currents 180° out of phase.
Process gas is injected at the top of a quartz tubular reactar a counterpropagating wave, a standing wave begins to
through a shower head nozzle and flows out a pump poffiorm. At 40 G, a node appears in the azimuthal field while
located at the bottom. The reactor sits inside a solenoidgdropagation begins to occur in the axial direction with an
magnetic field having dominantly an axial component withincreasing axial wavelength. At 150 G there is a standing
larger radial gradients near the ends of the solenoid. The baseave pattern in the radial direction with a peak midway be-
case has operating conditions of Ar gas at 10 mTorr, 5@ween the coil and the axis of symmetry. As the static mag-
sccm, and a power deposition of 1 kW. The collisional pro-netic fields further increase, axial propagation of the electro-
cesses included in the model are ionization, excitation, anchagnetic fields dominates and the wavelength increases.
momentum transfer between electrons and neutral particles, The radial electric fields over the same range of magnetic
Coulomb collisions between electrons and ions, charge eXields are shown in Fig. 2. At 10 G, the radial electric field
change collisions between ions and neutral particles, and mdras weak penetration into the plasma with there being a local
mentum transfer collisions among neutral particles. A listingmaximum close to the coils and a node on the axis of sym-
of these reactions is in Ref. 28. metry. As the magnetic field is increased, further penetration
The spatially dependent plasma properties are a sensitiveccurs and a second local maximum in the radial electric
function of magnetic field strength and configuration. Forfield develops, indicating the onset of a standing wave in the
example, azimuthal electric field amplitudes and phases amadial direction. As the magnetic field is increased further,
shown in Fig. 1 for magnetic field intensities of 10-150 G.the amplitude of the second peak increases, while that of the
At 10 G the azimuthal electric field peaks near the coils at 15irst peak decreases. By 80 G, the first peak dissipates. At 10
V/cm and remains in an inductively coupled mode where thes, propagation is dominantly in the radial direction and is
amplitude decreases evanescently and is limited by the coiighly damped. As the static magnetic field is increased,
ventional plasma skin depth. The phase distributions show propagation changes from dominantly radial to dominantly
radially inward traveling wave(Wave propagation is per- axial, while the radial electric field wavelength increases pro-
pendicular to the phase frontsAs the magnetic field is in- portionally. The axial electric field, shown in Fig. 3, behaves
creased, further penetration of the azimuthal electric fieldsimilarly. Note that the axial electric field intensity is two
into the plasma occurs. Once the fields encounter a boundanrders of magnitude smaller than the radial electric field due
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Fic. 2. Radial electric field amplitude and corresponding phase in solenoidaFic. 3. Axial electric field amplitude and corresponding phase in solenoidal
geometry for(a) 10, (b) 20, (c) 40, (d) 80, and(e) 150 G. The process geometry for(a) 10, (b) 20, (c¢) 40, (d) 80, and(e) 150 G. The process
conditions are Ar, 10 mTorr, 1 kW power deposition. Increasing magneticconditions are Ar, 10 mTorr, 1 KW power deposition.

field produces radial components of the electric field and propagation in the

axial direction.

For anm=0 mode, the radial wave numbdy, , is fixed by

the tube radius,
to the smaller magnetic field gradients in the radial direction

e 3.83
compared to the axial direction. L =—, (14)
The wavelength of the electromagnetic wave can be esti- R
mated from the phase diagrams of Figs. 1-3. The axialhile the total wave number is defined by
wavelength as a function of static magnetic field divided by  , ,
the average electron densii§=B/n., for several tube radii KL +kz=k". (15)

are shown in Fig. @). For a magnetic field of 40 G, electron The theoretical axial wavelength for am=0 mode obtained
density of 16'cm™3, and tube radius of 6 cm, the axial by substituting Eqs(14) and (15) into Eq. (13) is shown in
wavelength is approximately 10 cm. As the magnetic fieldrig. 4(b) as a functiog for several tube radii. The computed
increases or the electron density decreases, the axial wavgxial wavelength is roughly 2/3 of the theoretical, most

length increases. Similarly the axial wavelength increasefikely because of the mixed mode nature of the computed
with a decrease in tube radius. These results can be numetirave and the finite axial extent of the plasma.
cally fitted for the axial wavelength,,, as

7.6x10° [ B(G) )0-63 IV. PLASMA HEATING AND POWER DEPOSITION

N (cm)= — , 12 " . -
zAcm) R(cm) |ng(cm™) 12 Power deposition and electron density are shown in Fig. 5

whereR is the radius of the tube. Using the dispersion rela-for different solenoidal magnetic fields. At 10 G, the electric
tion for a helicon wave, an estimate of the dependence dff€lds are still predominantly inductively coupled, with

wavelength on plasma parameters can be obtdihdthe  POWer deposition occurring near the coils with a classical
axial wave numberk,, is proportional to the total wave skin depth limited by the plasma conductivity. As the mag-

number k, through the following dispersion relation: netic field is increased, the power deposition penetrates fur-
ther into the volume of the plasma, in accordance with the

electric fields shown in Figs. 1-3. At 40 G, the power depo-
sition displays nodal behavior reflecting the shorter wave-

Ne

kk,= 0o - 13
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Fic. 4. Axial wavelength of the electromagnetic field as a function of static
magnetic field divided by electron densityg) Theoretical value from dis-
persion relation of am=0 mode.(b) Computed value from simulations.
The computed axial wavelength resembles that ofman0 mode.

0 0 0
Radius (cm) Radius (cm)

. . - Fic. 5. Power deposition and electron density in solenoidal geometrigafor
lengths of the azimuthal and radial electric fields. In all cases ) 20 (c) 40, (d) 80, and(e) 150 G. The process conditions are Ar, 10

power deposition is off axis. The electron density iS maxi-mTorr, 1 kW power deposition.
mum on axis in the low magnetic field regime. As the mag-
netic field is increased the electron density increases, reflect-

ing a decrease in radial diffusion losses. At fields larger thas |n g typical microwave ECR, operating at 2.45 GHz, the
150 G, the electron density is maximum off axis at the loca-lectron momentum transfer collision frequency is signifi-
tion of maximum power deposition. cantly smaller than the incident electromagnetic frequency
Measurements by Chen and Decker showed a peak in théng this off-resonant shift is unnoticeable. However, in a rf
plasma density in the low magnetic field regin@0-60  system the collision frequency is of the order of the incident
G).?° This peak was attributed to an electron cyclotron resozplectromagnetic frequency, thereby affecting the magnetic
nance(ECR), where the incident electromagnetic frequencyfied at resonance and hence the location of the ECR zone.
is of the order of the electron cyclotron frequency. Simula-apg the tube radius is decreased the local maximum in elec-
tions of this low magnetic field regime also produced a resoyon density at low magnetic field shifts toward higher mag-

nant peak in the plasma density in the downstream region, asgtic fields, as shown in Fig. 6. The collision frequency in-
shown in Fig. 6. This local maximum shifts toward higher

magnetic fields as the radius of the tube is decreased. The
maxima are similarly attributed to “off-resonant” electron
cyclotron heating. The shift of the peak to higher magnetic
field results from a shift in the efficiency of depositing power
to a higher magnetic field as the effective electron collision
frequency is increased. Normalized power depositiBn,
=RdJ-E*], as a function of magnetic field for several elec-
tron collision frequencies is shown in Fig(aJ for a plasma
density of 18?cm™3 and w/2m=13.56 MHz. At v,
=10"s!, the normalized power deposition has a resonant

N

LN e e e e —TTTTTT
Radius (cm)

m 25
v 4.0

Electron Density (1012 cm-3)

':___ S %

peak occurring at aroun8=15 G. As the effective collision 10 100 1000
frequency increases, the width of the power deposition in- Magnetic Field (G)
creases and the peak value decreases, while shifting t

; ; P _ —1
maximum toward higher r_n_agnetlc f'elds- A= 108_5 »the 3 function of static magnetic field in solenoidal geometry. Peaks at low
normalized power deposition maximum has shifted80  magnetic field are attributed to off-resonance cyclotron heating.

0

I'I]llee. 6. On-axis value of electron densityzt 8 cm for several tube radii as
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Fic. 7. Power deposition and electron temperature in the solenoidal geom-
etry. (@ Normalized power deposition €PJ-E*) as a function of magnetic Fic. 9. Electron density in the solenoidal geomeifg). Average electron
field for several values of the effective electron collision frequeriby.  density as a function of static magnetic field for several tube rablji.
Average electron temperature as a function of tube radius for varying magExperimental and computed average electron densities.
netic field. The increase in the electron temperature with decreasing mag-
netic field produces a shift in the resonant magnetic field.
The reactor averaged electron density as a function of

_ ) magnetic field is shown in Fig.(8). In the low magnetic
creases due to an increase in electron temperature as the tyhgq regime(<20 G), the electromagnetic fields are induc-
radius decreases, as shown in Fig0)7 tively coupled. There is no significant change in the electron
~ The consequences of including collisional Landau dampgiensity as the magnetic field is increased. At 20-60 G, ECR
ing on the electron density are shown in Fig. 8. The Landaheating begins to contribute and the electron density in-
damping term accounts for at most 15% of the total collisioncreases. As the magnetic field is further increased the power
frequgncy.g Th? Landau damping term has a peak year geposited through the radial electric field begins to be com-
=10"%cm 3G ! and has an approximate full width at half-
maximum of 3=2x10°cm 3G . In the low electron den-

sity or high magnetic field regimes, the increase in the effec- 50 === Bell Jar
tive collision frequency due to Landau damping can shift the
position of the peak power depositiggCR resonangeto Coil~y, 5]'20:2;8
higher magnetic fields. For example, the peak in the electron g
density at low magnetic fields is removed when Landau y
damping is taken into account, as shown in Fig. 8.
ping g Coil Bref/ |
3

% 1.0 T T T E25 L] il

5 Without Landau % 0 Nozzle

o~ Damping I

e e 0 [

> ,—‘—'

-‘§ 05~ \With Landau ) “ :

8 Damping 0 Pump Port 0

S 0 / Wafer\ F

8 — 2N

i 0.0 ' . ' 0 : =

10 20 30 40 50 20 0 20
Magnetic Field (G) Radius (cm)

Fic. 8. On-axis value of electron densityzt 10 cm as a function of static  Fic. 10. Schematic of the Trikon helicon plasma source. Streamlines repre-
magnetic field in solenoidal geometry with and without the collisional Lan- sent magnetic flux lines in the reactor. Location of the reference magnetic
dau damping term. field point is in the bell jar.
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Fic. 11. Azimuthal electric field amplitude and corresponding phase in theFic. 12. Radial electric field amplitude and corresponding phase in the
Trikon tool for (a) 20, (b) 60, (c) 100, and(d) 300 G for an Ar plasma.  Trikon tool for (a) 20, (b) 60, (c) 100, and(d) 300 G for an Ar plasma.
Increasing magnetic field produces axial propagating waves.

. . of Fig. 10. The system is powered by two ring coils sur-
parable to the power deposited through the azimuthal ele(.:t”?ounging the bell jyar. Each 20" operatgs at 13.59316 MHz and

giilsepsvéire dt?)p?hs;tlﬁin ;Zr:)g?crj]etrh:taﬁgliil e\l;;:\t/r;c ﬂaet![(i?nm- re 180° out of phase. Base case results have operating con-
9 g P " “ditions of Ar gas at 10 mTorr, 50 sccm, and a power depo-

higher magnetic fields, it is expected that standing wave patéition of 1 KW.

terns with even higher order may appear as eigenvalue solu- Parametric studies were conducted while varying the

tions for the radial elet_:tn(_: field. Per_ry f‘.nd Bo”swell Showedmagnetic field intensity. The cited magnetic fields are for an
that the electron density increases in “jumps” as the mag-

netic field and power are increashbliEach density step ma on-axis location midway between the antennas shown in Fig.
. P : YSEPMAY 44 Azimuthal electric field amplitudes and phases are shown
be attributed to the onset of a higher order standing wav

structure. Our simulations to date have not been able to r(jn Fig. 11 for magnetic fields of 20-300 G. FBF=20G, the

o . : azimuthal electric field is inductively coupled with the am-
solve “jumps” in plasma density as a function of power

L . li reasing evan ntly an ing limi h
when considering reactor averaged densities. For examplg tude decreasing evanescently and being ted by the

the electron density as function of incident power, shown i onventional plasma skin depth, as shown in Fig(aLl
. - Y e . power, ""Similar to the results for the solenoidal reactor, the phase
Fig. 9b), is linear with power, in agreement with experi-

29 distributions show that a radial traveling wave dominates the
ments by Cheret al. propagation of the electromagnetic fields through the bell jar
region and away from the coil. As the magnetic field is in-
V. PLASMA PROPERTIES OF A HELICON PLASMA creased, further penetration of the azimuthal electric field
SOURCE into the plasma occurs. However, as radial penetration in-

Simulations were also conducted in a geometry based ocreases, axial conductivity increases, thereby allowing the
the Trikon Technologies, Inc., Pinnacle 8000 helicon plasmazimuthal electric field to propagate downstream, as shown
source, schematically shown in Fig. 10. Processing gas ior B=100G. When the propagating wave encounters a
injected through a nozzle located below the electromagnetsoundary, a standing wave pattern of the azimuthal field in
and is exhausted through a pump port located around thime axial direction begins to form. At 300 G, Fig.(dl}, there
outside diameter of the substrate. The quartz bell jar is suiis an off-axis downstream peak in the electric field. The
rounded by electromagnets which produce a solenoidal magpropagation of the electric field in the axial direction begins
netic field inside the bell jar with flaring field lines in the to dominate concurrent with an increase in the wavelength.
downstream chamber region, as shown on the right-hand sidehe distribution and propagation of the radial and axial elec-
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0 n 2 Fic. 14. Plasma properties as a function of axial locatiah Experimental

ion saturation current for several values of the static magnetic fibjd.
Fic. 13. Axial electric field amplitude and corresponding phase in theComputed values of the normalized ion density. When increasing the mag-
Trikon tool for (a) 20, (b) 60, (c) 100, and(d) 300 G for an Ar plasma. netic field, the peak in the plasma density shifts from the bell jar to down-
stream.

tric fields, shown in Figs. 12 and 13, follow a similar pattern.
Initially, inductive coupling dominates in the low magnetic ~ Simulations were also conducted using an Ag/Cl
field regime. Once the magnetic field is high enogti00  =80/20 gas mixture at 10 mTorr. The reaction chemistry for
G), downstream standing wave patterns appear and electrthis case is listed in Ref. 28. This chemistry produces a large
magnetic propagation in the axial direction dominates. NoteCI~ negative ion density which significantly affects the
that the magnitude of the radial and axial fields are of thepower deposition and plasma distribution. The power depo-
same order, due to the diverging magnetic field lines whictsition and corresponding electron density for varying mag-
produce similar gradients in the radial and axial directions. netic fields are shown in Fig. 16. As with pure Ar, at low
Experimental results for the axial ion saturation in themagnetic fields coupling is conventional ICP and most of the
Trikon tool are shown in Fig. 14).%° At low static magnetic power deposition and the peak plasma density occur in the
fields, the ion saturation current peaks in the bell jar regiorbell jar. As the magnetic field is increased, propagation of
of the reactor. As the magnetic fields are increased the peake electromagnetic fields tends to follow magnetic fields
in the ion saturation current and plasma density shift downlines. The wavelength of the heliconlike wave increases
stream. The calculated ion densities follow similar trendsalong the direction of propagation and a nodal structure in
shown in Fig. 14b). the electromagnetic fields develops. At 150 G most of the
The electron density and power deposition are shown irpower is deposited in the downstream region of the reactor.
Fig. 15. Power deposition follows the electric field profiles in As the static magnetic field is further increased, the power
the reactor. At 20 G, the power deposition peaks near thdeposition shifts back to the bell jar region as does the peak
coils. As the magnetic fields are increased, there are nodah plasma density. At 300 G the peak in the power deposition
peaks in the electric field in the downstream region of theand ion density again occur in the bell jar region. This shift
reactor, thereby depositing most of the power in the downupstream occurs because of the increase in the wavelength of
stream region. This shift in the power deposition produces #he heliconlike wave as the static magnetic field is increased.
shift in the peak plasma density to the downstream chambeAt a high enough magnetic field, the wavelength is too large
An off-axis peak in the plasma density can be maintained ato sustain a standing wave pattern inside the chamber.
such low pressures because of the high magnetic field which The wavelength of the propagating wave is proportional
inhibits radial diffusion. The shift in power deposition in- to the magnitude of the static magnetic field and inversely
creases the ion flux to the substrate while, for this exampleproportional to the electron density. Noting th@tB/n,
decreasing uniformity. and \,~ B3, B is computed as a function of magnetic field
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Fic. 15. Power deposition and electron density in the Trikon toold20, =]
(b) 60, (c) 100, and(d) 300 G for an Ar plasma. Increasing magnetic field x 0.2 1011
produces a downstream plasma source.
’ e}
and power are shown in Fig. (&. The electron density for 20 o 20 0.02 1010
the calculation of3 was at the reference location of the mag- Radius (em)

netic field. At low power, the electron density is low due to . . . .
L . Fic. 16. Power deposition and electron density in the Trikon tool using an

both a low ionization rate and a high rate of att.ach'ment tOnr/C1,=80/20 mixture for(@) 0, (b) 40, (c) 150, (d) 250, and(e) 300 G. At

Cl,. As the power increases, the,G$ more heavily disso- high magnetic field, the plasma density reverts to the bell jar due to the axial

ciated resulting in a lowering of the rate of attachment andvavelength exceeding the reactor dimensions.

increase in plasma density. In the low magnetic field—high

power deposition regimg is small and the axial wavelength . . . .
+min), where max/min are the maximum/minimum values

is shorter than the chamber dimensions allowing standin%f ion flux to the substrate. The results are shown in Fig

waves to occur. However, as the deposition power is de: : : )
creased,s and the wavelength increase. Likewise as the17(b)' Fpraregmn of operation ha"'r.‘g wavelength of 1(.)._75
magnetic field is increased, there is an increasg and the cm, U is largest, meaning .Ies-s u_n_|form. The_se -condmons
wavelength. In the high magnetic field—low power regime1correspond to where there is significant electric field propa-

the wavelength is larger than the dimensions of the chambepation downstream and the power deposition occurs directly

Unable to sustain a standing wave pattern, power depositio?’lbove the su_t?strate. Longer and shorter wavelengths have
ower deposition more remote from the substrate, thereby

occurs near the coils in what resembles an inductiveI)P i e .
coupled mode. allowing diffusion to help homogenize the fluxes.

The change in power deposition downstream, which oc-
curs as a result of changing the mode of operation, clearl)yl' CONCLUDING REMARKS
affects system performance such as uniformity and magni- Power deposition in MEICP sources was investigated us-
tude of reactive fluxes. Although the goal of this study wasing a 2D plasma equipment model. The purpose of these
not to optimize system performance such as the uniformitynvestigations was to determine the consequences of helicon
of ion flux, it is nevertheless instructive to briefly examine heating and the ability to deposit power in the downstream
such dependence. For example, the consequences of powegion of MEICP devices. 3D electromagnetic fields were
deposition and magnetic field on the uniformity of the ion obtained from 2D magnetostatic fields by solving the wave
flux to the substrate for the conditions of Fig.(&7were  equation with a tensor conductivity using a sparse matrix
quantified, using as a metritJ=100 (max—min)/(max conjugate gradient method where plasma neutrality was en-
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1500 propagation, power deposition and the peak in the plasma
density shift downstream. A downstream shift in the peak

10 . . .

plasma density also occurs in an Arf@as mixture. How-

ever, unlike the pure Ar case, the plasma density shifts back

30 /
1000 60 / upstream at 300 G. This shift upstream occurs due to the
continual increase in the wavelength of the heliconlike wave
90 ] as the static magnetic field is increased. At a high enough
120 magpnetic field, the wavelength is too large to sustain a stand-
. I// ing wave pattern inside the chamber. If the plasma is signifi-

500, 100 200 300 cantly electronegative in the low power—high magnetic field
a) Magnetic Field (G) regime, power deposition will resemble conventional ICP.

Power (W)

1500 p777 7
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