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Harmonic content of electron-impact source functions in inductively
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Electron temperatures in low-pressure10s mTorj inductively coupled plasm&@CP) reactors
operating at 10s MHz do not significantly vary during the radio frequérfgycycle. There can be,
however, considerable modulation of electron-impact source functions having high-threshold
energies due to modulation of the tail of the electron energy distributigfDs. In many
instances, it is convenient to use cycle-averaged values for these quantities in models due to the
computational burden of computing and storing spatial and time-dependent EEDs. In this paper an
“on-the-fly” (OTF) Monte Carlo technique is described to address these time-dependent plasma
parameters. The OTF method directly computes moments of the EEDs during advancement of the
trajectories of the pseudoparticles, thereby reducing computational complexities. The method can
also be used to directly calculate the harmonic components of excitation, which can subsequently be
used to reconstruct the time-dependent source functions. The OTF technique was incorporated into
a two-dimensional plasma equipment model to investigate the time dependence of electron-impact
source functions in low-pressure ICP systems. We found that even harmonics dominated the source
functions for high-threshold processes, and that the harmonic content decreased with increasing
frequency and increased with increasing pressure. We also observed axial pulses of excitation and
increasing harmonic content at low pressures which are attributed to nonlinear Lorentz force
acceleration and nonlocal transport. ZD02 American Institute of Physics.
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I. INTRODUCTION higher pressuredl00s mTory. As the rate of equilibration of
) ) ) EEDs with the excitation source scales with the collision
The trend in plasma processing as used for microelecqequency, source functions in CCPs operating at higher

tronics fab<rllcgt|onT|s tf‘l"’zrds, sylstems lozer?tlng Egplowerpressures would be expected to exhibit more harmonic be-
pressures s mTor)." Inductively coupled plasméCP) havior than ICPs operating at lower pressure. For example,

reactor§ Qperatmg at these pressures are typlca}lly .tho_léght raves developed a hybrid model for rf excited CCPs in
as providing a continuous wayew) source of excitatiof: : . : . L
which solutions were expanded in a Fourier series in time

This is a good approximation for properties which largely . . . . . 12
depend on the average electron energy or temperature Whogre]:d .Il.near finite ele.mem basis funcUons N Spacee fou.nd.
significant modulation in space and time in rates of ioniza-

value is typically considered constant during the radio fre-> q o L . q il
quency (rf) cycle’ As a consequence, multidimensional tion and excitation. Sommerezt al. investigated a similar

models for ICP reactors have traditionally used temperatureg(_:P system having an interelectrode spacing _of 4 cm oper-
or electron energy distributior€EDS averaged over the rf &ting in 100 mTorr helium at 13.56 MHZ. The ionization
cycles to determine rate coefficients and source functions fdiates were found to peak near the sheath-bulk boundary dur-
electron-impact process&® Although the electron tem- ing the cathodic phase while the expanding sheath acceler-
peratures in |ow_pressure ICPS, a quantity dependent on t@es the e|eCtr0nS that had migrated tOWard the electrode dur'
bulk of the EED, may not significantly vary during the rf ing the anodic cycle. The difference in collisionality between
cycle, the tail of the EED may, in fact, have phase-dependerthe bulk and tail electrons explained phase differences in
propertie$ ' As a result, rate coefficients and source func-excitation rates produced by low- and high-energy electrons.
tions for electron-impact reactions having high-threshold enMeyyappan and Govindan also investigated time-dependent
ergies may have a phase dependéhde. excitation in one-dimensional CCP react®té.They found,

The phase dependence of electron-impact processes infdr example, that in argon at 100s mTorr, ionization rates had
excited systems has been extensively previously investigatedaxima twice a cycle with a location which propagated into
in the context of capacitively coupled dischargesthe plasma with speeds e£5x 10" cm/s. Surendrat al.
(CCP3.12- 1 These systems, in addition to having excitationreferred to this phenomenon as a moving ionization
which is dominated by sheath heating, typically operate atpulse.” *° Petrovicet al® measured optical emission from
CCPs sustained in A\, at frequencies of 20 kHz to 20
a . o - _ MHz at pressures of 0.05—1 Torr. They observed similar spa-
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The harmonic content discussed in these previous invef high-threshold processes such as ionization had significant
tigations results from, to a large degree, linear processefarmonic content, whereas low-threshold processes, such as
These processes are periodic accelerations of electrons bibrational excitation, were well represented by time aver-
electrostatic fields by either oscillating sheaths resulting iraged values.
stochastiqcollisionless$ heating or oscillating electric fields
in the bulk plasma producing collisional heating. In lower | pESCRIPTION OF MODEL
pressure, electromagnetically driven devices, such as ICPs, ) ) )
the opportunity presents itself for both these linear mecha- 1he OTF method, developed to investigate harmonics of
nisms and for nonlinear processes, in particaarB Lor- excitation in ICPs, was implemented into a two-dimensional

entz forces F ). These accelerations result from electronss'mUIator’ the Hybrid Plasma Equipment Mod@iPEM).

having an azimuthal component of velocity produced by theThe HPEM will first be briefly described followed by a de-

azimuthal inductively coupled electric fieldorce Fg) and scription of the OTF method. The HPEM is a modular de-

the dominantly radial rf magnetic field combining to produceSlgned to numerically investigate low-pressure and low-

. . . . temperature plasma pr ing reactors in two dimensions;
an axial acceleration having a second-harmonic ¢ MPerature piasma processing reactors 0 dimensions;

component”18(These effects have also been investigatecf_mtddlsthdeS(_mb_el_?] in detail md Rl’efs. 22,th23' |an<t:1 referen(t:_es
in the context of pondermotive forcd$?) For example, o0 NErein. fhe main modules are the electromagnetcs

. module (EMM), electron energy transport modulEETM),
Godyak has found thd, /Fg can exceed unity at frequen- AT .
ciesyof a few megahettthhere the If magr?etic fie?d i and the fluid kinetics modulé"KM). The HPEM iterates on
largep and pressures lower than 10 mTowhere collisional these coupled modules to generate a cycle-to-cycle quasi-

mixing of velocity components is less importanthe strong steady tsga.te.trllnd;&t:\\//lell)_/hcoua!e;jd electrong_nettrl]c fg’zlfjriﬁre
axial force may, in fact, be sufficiently large to deplete low- computed in the - 'Nese fields are used in the 0

energy electrons in the skin layer and so produce an electrSlenerate elgctron-transport coefficients and eIectron-impact
static potentiaf! These effects can be measured as a secong u'ce functions. These values are produced as a function of
harmonic component in the plasma poterifaThe second- position by using either the electron Monte Carlo simulation
harmonic component of the nonlinear Lorentz fofb&LF) (EMCS) or by solving the electron energy equation coupled

scales as 14v,,), wherev,, is the total electron momentum \tN|thta SOIUt'ﬁn.Ofl Iioltzmapns equa.tclgt: tCJhptalned ustlrr:g a
transfer collision frequencyincluding elastic and inelastic wo-term spherical harmonic expansiam this paper, the

processesandw is the fundamental driving frequency of the EMC.S is employed. The transport coefﬂgents and source
electromagnetic field: fur_lctlons are transferred to the FKM which solv_es separate
Recent investigations of phase resolved emission fronﬁlu'd contlnglty, momentum_, and energy equ.a.tlon's 'for all
ICPs sustained on Ar and,@t pressures of 15—-300 mTorr f?e“”a' anq lon Species, while coupling a'seml—lmpllcn .SOIU'
have also shown significant harmonic content. Tadokor(gIOn of Poisson’s equation for the electric potential with a
et al® made tomographic measurements of emission frOngrift-diffusion formulation for the electron density. The den-
Ar(3.|05) (radiative lifeime 90 nsand O(3°P) (radiative sities, conductivity, and the time-dependent electrostatic
lifetime 34 ng at 13.56 MHz in a cylindrically symmetric f'il/ld,\; ob:jalrér-zEdTg/lromrhthe FEN: are thr—_ztn trtexr:jsferrtgeld to the
ICP. The scaling of the harmonic content for the Ar plasma%ergedagolution is‘ obt:inlzg ules are fterated untit a con-
(decreasing with increasing pressunes different from that o C .
for the oxygen discharge@ncreasing with increasing pres- The specifics of the algorithms employed in the EMCS

= have recently been described in detail in Ref. 23 and so will
surg. Tadokoroet al. suggest thaE X B drift, produced by be only briefly summarized here. Electron pseudoparticles

the_ q;{als(;-dc rz;dlaldelect_ro;tatlc ﬂ?ld a_nd the ?]xml r_f szqg- re initially distributed in the reactor with a spatial distribu-
g_etlc neld, produced periodic acce erations in the azimutha,, provided by the electron density computed in the FKM.
irection. . __The trajectories of the pseudoparticles are advanced using

. o : fhe electromagnetic fields from the EMM and the electro-
the time dependence of excitation rates in low pressure, ICE 4tic fields from the FKM

systems. Our specific interest was the time-harmonic content

of these rates and their two-dimensional spatial dependence. df s av
This latter behavior should provide insight to noncollisional ~ dt ' dt
electron transport and NLF. In order to capture the dynamics - - _ )
of the EEDs, a kinetic Monte CarlMC) simulation was where 'y E, and Bare the electron \ielocny, local electric
used as the electron transport module of a plasma equipmefigld, and magnetic field, respectively. dntains contribu-
model. In doing so, a MC technique called “on-the-fly” tions from the inductively coupled electric field from the
(OTF) was developed wherein statistics are collected for th&MM and the electrostatic field from the FKM. In the ab-
harmonic content of moments of the EED as opposed tsence of an externally applied magnetostatic fieldpBtains
collecting statistics on the time dependence of the EED itcontributions from only the electromagnetic field. Time steps
self. The model and the OTF technique are described in Seare chosen to be less than 0.01 of the rf period, 0.01 of the
[I. The model was used to investigate ICPs sustained itocal electron cyclotron frequency, the time to cross half the
Ar/N, gas mixtures while varying excitation frequency, pres-local computational cell or the time to the next collision,
sure, and mole fraction of Nand those results are discussedwhichever is smaller. The integration scheme is a second-
in Sec. Ill. We found that similar to CCP systems, the ratesorder predictor-corrector method. Several hundred to a few

_ % = o5
= me(E+v>< B), (1)
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thousand particles are integrated in time for 10—100 s rklectron impact rate coefficientk,) for electron-impact
cycles each iteration through the HPEM. Statistics on thgrocessm and locationl is then obtained from

location and energy of each particle are recorded with every . 12
update of a pseudoparticle’s trajectory using finite-sized par- Ff (_) on(e)f(e)e¥de
ticle (FSP technique$* The statistics are weighted by the 0

e

time step used for the integrating the trajectory. g\ 112
Colli§ions are ir!c!uded with ani;otropic scattering, in- :2 (Fl) omifie PAe; (5)
corporating null collision cross sections to account for en- ' e

ergy and spatial dependencies in the collision frequencieg,, equivalently,

For purposes of collecting statistics, the electron energy

range is divided into discrete energy bins with widths which _ 2iFjviom

are generally smaller at lower energies to resolve more com- "™ . F. ©
plex collision cross sections, and larger at higher energies )

where cross sections tend to be smoother. The total collisiof"€"€vi iS the electron speed.

frequency; within energy bini is computed by summing all T_his method of proo!ucing rate coefficient_s or source
possible collisions within the energy range functions produces spatially dependent but time-averaged

values. To obtain time-dependent valuEg, would need to
12 be additionally binned by phase in the rf cycle. In doing so,
) 2k aijkNj, (2)  there are implications with respect to memory requirements
3 and computational burden to obtain acceptable statistics, par-
where £ is the average energy within the binijk is the ticularly for three-dimensional applications. To address these
cross section at energyfor specieg and collision procesk,  issues, a method of sampling particles was developed in
andN; is the number density of specigsThe time between which one needs to calculate only moments of the distribu-

the collisions is randomly determined using the maximumtion function and this is done “on-the-flytOTF). As a re-
collision frequency for the energy range of interet sult, in contrast to the conventional Monte Carlo method, the

=—1/vIn(r), r=(0,1). At the time of a collision, the reac- time-dependent distribution functions are not calculated ex-
tion that occurs is randomly chosen from all the possiblePlicitly and thus are not stored either. The basic algorithms
processes for that energy bin. The velocity of the electrons i#/st described for the conventional EMCS are retained. Only
adjusted based on the type of collision it undergoes. If théhe method of collecting statistics is different.
collision is null then the electron’s trajectory is left unaltered.  In the OTF method the collection of raw statisti€g is

The statistics for computing spatially dependent, time-replaced by a continuing summation whose asymptotic value
averaged EEDs are updated with each move of a pseudopdftime produces thk,, described by Eq(6). That is, at time
ticle. The update of the raw statistiEg for energy bini and ~ Steps, we compute
mesh point is

28i

vi=
me

1
Ak?“':Z WJ‘Tm(SJ)UJ; g (r|+ki§Ar|+k)_rj:|l

1
Fi|—>Fi|+§j: wid| | eit5 A e (79
1
1 VR U R S I
Ekl a6 (FHkiEAFHk)—ﬂ} ©) Aw 2 WJEk 0 r|+k_2Ar|+k) il (70)

whereAk:,, andAw; are the incremental updates to the rate

where the summation is over particlgsy; is the weighting  cefficient and total weighting. The rate coefficient for pro-
of the particleg; is its energyAe; is the width of the energy  .oqqm at times is then obtained from

bin, Fj is the location of the particle, antir; is the width of

the mesh cell. The weighting; is a product of at least two S
factors; the relative number of electrons each pseudoparticle K1 = we
represents and the time step used to advance the trajectory.

ay is spatial weighting for the particle’s and neighboring At any given instant during the EMCS, values for the rate
cells to distribute the particle’s contribution according to FSpcoefficients are immediately available based on the statistics
principles. The EEDS;, are obtained from the raw statistics taken to date. Although continuously updating the rate coef-
F, by requiring the normalization constaft at each spatial ~ficients in this manner is not absolutely critical to obtaining

Kt Wiy T+ A
W where wi=wiT i+ AWS.  (8)

location to yield the time-dependent values discussed later, it is convenient in
that the rate coefficients are available at any time for use, for
example, by another processor during a computationally par-
= N . : .
A'Ei F”_Ei fiei Agi=1. @ el implementation of the model. As time progresses and

more statistics are gatherdd,, simply becomes more accu-
Given thef;; at the end of the EMCS, the electron tempera-rate. The OTF method has potential advantages over the con-
ture, collision frequency and electron-impact rate coefficientventional EMCS by being more accurate than calculating
are computed as a function of positigiThe electron tem- and storing intermediate values of the EED followed by cal-
perature is defined by convention to Bg=2/3 (¢).) The culating the rate coefficients. Although the OTF bins par-
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ticles in space, it avoids discretization or the binning of theoperating condition$.The resulting time-averaged electron
electrons in energy and time, and so can utilize the full condensities and time-averaged source functions for electron-
tinuum nature of the EED. The method is advantageous frommpact ionization of argon are shown in Fig. (The source
a computational standpoint as well. Since moments of théunction for ionization i e]k,[ Ar] wherek, is the rate co-
distribution function are less sensitive to statistical noise thamfficient for direct electron-impact ionization of the ground
the EED itself, fewer particles are required in the simulationstate) The spatial distributions and magnitudes of the elec-
One of the features of the OTF technique is the ability totron densities are essentially the same for the conventional
additionally calculate the Fourier components of theMC and OTF methods, with the OTF providing a few per-
electron-transport coefficients. From these components, oreent higher density, resulting from a few percent higher
can then reconstruct the time dependence of electron-impasburce function. The spatial distribution of the source func-
reactions. To calculate these Fourier components the corréion has small differences at small values, largely a result of
sponding harmonic terms are incorporated into &g.(The  this statistical noise. Due to the more collisional nature of the
fundamental frequency is taken to be the driving frequency Ar/N, gas mixture compared to only argon, the electron-
of the antenna.For example the Fourier component for the density peaks in the vicinity of the maximum in the source
n-th harmonic at frequencyw is obtained by replacing Eq. function, as opposed to the pure Ar case which, for otherwise

(7@ with similar operating conditions, would have an on-axis p&ak.
is also more peaked in the region of largest power deposition
AkzmI:; W;om(e)v; explinot)) (under the coils compared to the pure Ar case where the

electron temperature has less severe gradients. The presence
of N, reduces both the energy relaxation distafdee to
FH—kiE Af|+k) —r*j}. (9) excitation of the low-lying vibrational and rotational states
2 and reduces the electron thermal conductivity, thereby re-

. . ) ) ) stricting the peak in electron temperature.
The normalization factor is obtained in the same fashion as

in Eq. (7b). This procedure produces a complex rate coeffi-

kaé

cient. The amplituds),,, and phasep},,, of the source func-  11l. HARMONIC CONTENT OF SOURCE FUNCTIONS
tion for then-th harmonic for thd -th iteration through the . . ) )
EMCS is then obtained from In this section, the harmonic content of electron-impact
source functions produced in ICPs sustained in Arfés
L Im(Kn ) mixtures will be discussed. The rational for this choice of

Shni=€li-1lKnmiINi— 1y, dhm=tan Rek, )’ (100 gases is that vibrational excitation of, Mas low-threshold
nm! energieg<1 eV) and is produced in large part by the bulk of
where[e],_;; andN,_,, are the electron density and density the EED. Electron-impact processes with Ar, particularly
of the gas collision partner at the end of the previous iteraionization, are high-threshold reactions and hence are sensi-
tion. The time-dependent electron impact source functiongive to the tail of the EED. We can expect two classes of
used in the continuity equations for plasma species in théarmonic behavior, both of which are likely to have an even
current iteration are then harmonic component. The first dominantly results from col-
) lisional heating by the azimuthal electric field,. The spa-
| 3 | tial location of this harmonic excitation should be where the
Sm,(t)=ma>«{0,n§0 ShmiSiN(Not+ ) |, 1D E, is largest, in the skin layer. Since acceleration is azi-
muthal(in this case, parallel to the top dielecjrieven non-
wheren,, is the number of harmonics computed. The sourcecollisional heating may not stray far from the skin layer. The
function for any given electron-impact event should alwaysmodulation of the EEDs in this manner, is dependent on the
be positive. The maximum function in E@Ll) is used to rf frequency and the energy-dependent collision frequency,
account for noise in the EMCS which might result in the sumand generally scales ag,/w. The tail of the EED, usually
of the phase weighted amplitudes being negative. being more collisional than the bulin this case, by a factor
The classic definition of skin depth is for a plasma inof two or more, is expected to be more modulated than the
which there are no sources of ionization. Although thosebulk distribution in the limit that heating is collisional, and
conditions do not strictly apply here, we nevertheless use theo high-threshold processes should have more modulation.
terminology skin deptlior skin layej to denote the distance The second source of modulation results from NLF. Its sig-
in the amplitude of the electric field decays bg.#? nature is that NLF acceleration will be dominantly in the
For validation purposes, results from the HPEM usingaxial direction with a second-harmonic component.
the conventional Monte Carlo method and the OTF tech- As diagnostics for the differences between bulk and tail
nigue were compared for an ICP reactor gsan 5 mTorr  behavior, we will examine electron source functions for vi-
Ar/N,=90/10 gas mixture. The reactor has a four-turn flatbrational excitation of B v =1) with threshold energy\e
antenna and a 6-cm substrate to window gap, as shown i 0.29 eV, and ionization of Ar with thresholle =16 eV.
Fig. 1. Gas is injected through a shower head nozzle an@he approximate trends for expected behavior may be pre-
pumped annularly from around the substrate. The final readdicted by the scalings shown in Fig. 2. Here, the total
tor averaged gas temperature was 415 K for a power depanomentum-transfer collision frequencigdastic and inelas-
sition of 650 W at 13.56 MHz(These are the “base case” tic) for the bulk and tail of the EED are plotted as a function
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Conventional EMCS EMCS with OTF
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FIG. 1. (Color) Time-averaged electron density in an ICP reactor obtained Wsingonventional MCS method anh) OTF method; and time-averaged
source functions for electron-impact ionization of ground-state argon ysjngpnventional MCS method and) OTF method. Operating conditions are
Ar/N,=90/10, 5 mTorr, 13.56 MHz, and power deposition of 650 W.

of average energy for Ar/j\=90/10. These results were ob- (E/N). The tail of the EED was arbitrarily defined as con-
tained by solving the zero-dimensional, time-independentaining those electrons having energies greater than twice the
Boltzmann’s equation using a two-term spherical harmoni@verage energy. Over the range of expected average energies
expansion while varying the electric field/gas number density4—6 eV, the collision frequency of electrons in the tail of

the EED is significantly larger than that in the bulk. This

higher-collision frequency also translates into a shorter mean

10° . . . T — 10° free path. For rf frequencies of a few megahertz both the tail
and the bulk are sufficiently collisional that both segments of
the EED should have modulation. For rf frequencies of 10s
MHz, it is likely that only the tail will be modulated. The
second parameter in Fig. 2 is =(1/e)(de/dt), the charac-
teristic frequency at which electrons of a given energy lose
that energy. At low-average energies, the division between
the bulk and the tail of the EED sweeps across the vibra-
tional excitation cross sections of, Nresulting in nonmono-
tonic behavior forv, . At higher-average energies, it is again
10 the tail electrons which lose their energy at a higher rate, and
10 so would be expected to be more modulated during the rf
cycle.

FIG. 2. Collision frequency and specific power loss rate as a function of A ; ;
: _ s a point of departure, the time dependerias de-
average electron energy for an AgN80/20 mixture at 5 mTorr. The tail of P P P 1

the EED is typically more collisional than the bulk for both momentum picted by Se_quential _phf’:lse,§ during the rf C_yclé qf the
transfer and power loss. source functions for ionization of Ar when including four
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TABLE I. Ratio of amplitude of harmonic§, to time averaged amplitude

Sy.
S/ So
Harmonic Ar ionization N (v=1) excitation
1 0.019 0.007
2 0.222 0.041
3 0.017 0.005
4 0.049 0.008

The ratios of the magnitude of the spatially averaged har-
monic amplitudes compared to the time-averaged values,
S, /S, are shown in Table I. The source function for*Ais
near its maximum value, located under the coils, between the
phasesp=0 and#/10. The source function in this volume is
heavily modulated, reaching its minimum value approxi-
mately 7/2 later in phase. The volume averag8d/S, for
the second and fourth harmonics are 0.22 and 0.05, respec-
tively, compared to 0.02 for the first and third harmonics.
The location and periodicity of this excitation would imply
that the harmonic heating has a large collisional component
due to the twice a period peak in the magnitud&gf There
is substantial evidence for noncollisional or long-mean-free-
path transport. For example, note the local extrema in the
ionization source function which propagates axially across
the reactor, resulting from electrons having been accelerated
from a volume in the skin depth. This propagating excitation
likely results from electrons accelerated by NLF and retain-
ing their energy through noncollisional transport across the
reactor.
The amplitudes of the Fourier components as a function
of position for the AF source function are shown in Fig. 4.
The electromagnetic skin depth is approximately 2 cm for
these conditions. The amplitude of the zeroth component is
the time-averaged source function shown in Figd)1Its
maximum is located under the coils where the inductively
coupled electric field is largest and decreases at larger radii
due to a falloff in electron density, the transport of high-
energy electrons from the smaller volume of the electromag-
netic skin depth to the larger volume of the periphery of the
31x1013 I B 311016 reactor and to the depletion of NLF accelerated electrons.
omg-1 The source function is most highly modulated near its maxi-
mum and in the path of the axial excitation pulse as it propa-
FIG. 3. (Colon Source functions for electron-impact ionization of argon for 9ates across the reactor. In these regiBpsSy~0.5. The
the base case conditioiidr/N,=90/10, 5 mTorr, 650 W, 13.56 MHAor  first and third harmonics should, in principle, be negligible
Qifferent times during th_e rf cycl_e, as indicated by the phase notation _in eac%iven the 2 content of the acceleration by the inductively
figure. As even harn_mnlcs domlnat_e, r‘e_sults are shown only for the first hal oupled electric field and NLF. We do see, however, spatially
of the cycle. lonization rates are significantly modulated with nonlocal be-" . . !
havior demonstrated by pulses which propagate across the reactor. diverse, though somewhat numerically noisy, amplitudes for
the first and third components, with maxima directly under
the coils. These amplitudes, as well as much of the fourth
harmonics for the base case conditions are shown in Fig. 3 dgarmonic, result from the nonlinear dependence of excitation
obtained with the OTF method. Note that only the first halfrates on excursions of the tail of the EED which in turn
of the cycle is shown as, discussed below, the even harmomenerate Fourier components, as discussed below. For this
ics dominate(For this figure and the results which follow, a reason alone, the amplitude of the odd components should
phase of zero corresponds to when the electric field adjacestale withv,,/w. The peak amplitude of the second har-
to the dielectric and the antenna current cross zditee total  monic, being more than half that of the time-averaged value,
electron-impact source functions shown here are the sum dfignifies that the tail of the EED is highly modulated in the
the time-averaged valughe zeroth harmonjcand the har- electromagnetic skin depth, a consequence of both colli-
monic amplitudes multiplied by their corresponding phasessional processes, and noncollisional transport and NLF heat-
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' 7.9x1013 - 1.3 x 1014 ;341 3.3x1014.5.0x 1015 ;31

vwin [ B vax

FIG. 4. (Color) Amplitudes of the spatially dependent Fourier coefficier8s,for harmonicn, for ionization of argon for the base case conditions
(Ar/N,=90/10, 5 mTorr, 650 W, 13.56 MHzThe even harmonics dominate, having amplitudes approximately 20% that of the time-average8qvalue,

ing which acceleratéor “launch”) electrons out of the skin vibrational excitation, with its 0.29 eV threshold, largely re-
depth. The peak amplitude of the fourth component, is apsponds to the modulation in the bulk portion of the EED.
proximately 0.15 that of the zeroth, and occurs deeper in th®ue to the lower degree of collisionality of these electrons

skin depth where the electric field is largest. Another possiblgompared to the tail, they retain their energy for larger frac-
contribution to the fourth harmonic is backscattered electrongons of the rf cycle after acceleration, and so produce a

vancing electric field, are back scattered and accelerated a ¢ fyrther illustrate the noncollisional nature of the NLF

second time during the same half cycle. heating which launches energetic electrons to locations
Significant harmonic content in 'OT"Za“‘?” rapes (?f Ar eeper than the electromagnetic skin depth, simulations were
was also observed by Oh and Makabe in their particle-in-cel erformed for a plasma reactor with a taller plasma region

simulations 6a 5 cmdiameter, cylindrically symmetric, so- . . "

lenoidally driven ICP® At a presgure of 30y0 r>rl1Torr and fre- while keeping other conditions the same as the base case.
' R The time dependence of the ionization source functions for

quency of 6.78 MHz, the ionization rate was 100% modu-

lated in time at the second harmonic. At 27.12 MHz, thetr;:s rea}ctcl):r. arg S#]OV\T I?'Flgb 6. Jhde argp;tudeﬁ),;‘ S i
modulation was still significant whereas at 100 MHz, little shown in Fig. 7. The field is absorbed and decays to negli-

modulation was observed. gible valueg< 10 mV/cnm) 3—4 cm above the substrate. The
The source functions for vibrational excitation of(M ionization source function in the skin depth builds through-
=1) are shown in Fig. 5 as a function of position for differ- ©ut the positive half of the cycle and reaches its peak ap-
ent phases during the rf cycle. There is significantly les@roximately at the zero crossing which implies some sub-
modulation in both space and time for this |ow-thresho|d5tantial contribution from noncollisional heating. The pulse
process compared to the higher-threshold ionization proces8f excitation which propagates across the reactor appears to
The volume averaged fractional harmonic cont&qyt,S, are  originate close to the peak in the rf cycle. The ionization
0.041 and 0.008 for the more dominant second and fourtpulse propagates at approximately 880 cm/s, corre-
harmonics, and less than 0.007 for the first and third harmorsponding to an electron energy of 35-40 eV. The pulse
ics. This lower degree of modulation reflects the fact thatpropagates across the reactor until these energetic electrons

Downloaded 28 Jul 2002 to 128.174.115.149. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japol/japcr.jsp



J. Appl. Phys., Vol. 92, No. 2, 15 July 2002 A. Sankaran and M. J. Kushner 743

5.3x 1012 NI I 5 5 < 1075 {5, 1013 (NSRRI B + 5, 1016
cm“35'1 cm9g-1

FIG. 5. (Color) Source functions for vibrational excitation of,(¥=1) of . . N
for the b diti IN.=90/10. 5 mTorr. 650 W. 13.56 M FIG. 6. (Color) Source functions for electron-impact ionization of argon for
or the base case conditiofiar/N,= , 0 miorr, T Hz the conditions of Fig. 3 in a reactor with an extended height. Propagation of

for crl]lf;erent 1mes du;:ng the.rf nge.’ a? lndlca}ted by tf;]e phasel n]?tatt;]onfllr‘%?e excitation pulse occurs beyond the electromagnetic skin depth, thereby
each figure. As even harmonics dominate, results are shown only for the fir emonstrating noncollisional transport.

half of the cycle. There is little modulation of this low threshold energy
process.

ever the case without the rf magnetic field has less modula-

impact onto the substrate, crossing regions where the electrfton both in the electromagnetic skin depth and beyond, and

field is essentially zer¢see Fig. 7. lacks the distinct “ballistic” ionization component which
The temporal dynamics of the ionization source functionPropagates across the reactor as seen for the case with the rf

are significantly different when the rf magnetic field is omit- magnetic field. We therefore attribute the ballistic component

ted from the electron acceleration terms, as shown in Fig. 8f the ionization source to théx B acceleration resulting

for what would otherwise be the base case conditions. Th&om the rf magnetic field.

ionization source functions with the rf magnetic fiéklg. 3 In the plasma volume directly under the coil, the azi-

and without the rf magnetic fiel(Fig. 8) both have substan- muthal component of the inductively coupled electric field,

tial ionization beyond the electromagnetic skin depth. How-E,, is roughly parallel to the coilésee Fig. 7. Although the
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FIG. 7. Amplitude of the inductively coupled electric field for the base case
conditions in the extended reactor. The electric field is only 10s mV/cm in
the vicinity of the substrate.

rf magnetic field has both radial and axial components, di-
rectly under the coils within a few centimeters of the dielec-
tric the rf magnetic field,B,=(1/w)(dE,/dz), consists
dominantly of the radial component which also has contours
roughly parallel to the coils. If we approximateE,/dz
~E, /8, where 6=[m./(€’uons)]"? is the conventional
electromagnetic skin depth, then the axial acceleration due t

the 5 x B force is approximateha,~qE,v,/wd, wherev,

is the net azimuthal component of the electron velocity. At
sufficiently low pressure, there is the expectation that the
electron energy distribution will have some anisotropy with
net velocity in the azimuthal direction. For example, during
execution of the electron MCS we calculated the average
value ofv ,/v for in the first 1—2 cm of the skin depth for the
base case conditions and foung/v~0.25. This value pro-
duces a ratio of the axial to azimuthal acceleration of
a,/a,=F IFg~v,lwd~5nY?Y7f for antenna frequency

f where the electron density in the electromagnetic skin deptly g » 1013 | I ENENGENE B 25 1016
has units cm?® and the average electron energy has units of 1 '

eV. For base case conditionsi&10 cm 3 e=3eV,f cm™s

=13.56 MHZ)’ F'— /F9%0'2_0'25’ which qua“tatlvely FIG. 8. (Color) Source functions for electron-impact ionization of argon for

agrees with _th_e measurements by GOdyak- _ the base case conditiorfar/N,=90/10, 5 mTorr, 650 W, 13.56 MHzat
The collisional component of heating will be largest gifferent times during a rf cycle when excluding thie B forces resulting

when the EED is equilibrated with the inductively coupled from the rf magnetic field. The propagation of the ionization pulse is less

electric field. There is the expectation that the rate of equili-Pronounced.

bration with the electric field will scale with the ratio of the

electron energy relaxation collision frequency to the rf fre-

quency. For collision frequencies which are large compared Even for conditions where nonlocal transport is not im-
to the rf frequencieshigh pressure, smalb), electrons may portant and heating is largely collisional, the harmonic con-
come into equilibrium with the rf electric field, and so pro- tent may not simply scale with,,/w, particularly at large
duce high-harmonic content. For large rf frequencies, elecvalues ofv,,/® due to the nonlinear dependence of excita-
trons average over rf periods, thereby responding to only théon rates onE/N. Consider the situation where,/w>1
time-averaged field, and so we should expect low-harmonigvhere there is the expectation that the local-field-
content. On the other hand, NLF maximizes at both lowapproximation(LFA) would be valid. Electron-impact rate
frequency(largeB,;) and low pressurésmall v,,) producing  coefficients for high-threshold events typically depend expo-
a largev. nentially onE/N. Therefore, a transition to LFA behavior at
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large v,/ 0 will retain a large second harmonic content but 1 T T T T T T T
also necessitates growth in higher harmonics to reconstruct 5 mTorr TR
this exponential dependence. 01} o
To demonstrate this sensitivity of the harmonic content L1 kion
of high-threshold events to increasing,/w compared to o 001k i
T., the following procedure was followed. The zero- 7]
dimensional electron energy equation was integrated for an ¢
Ar/N,=80/20 mixture over a sufficiently large number of rf @ 0.001 i
cycles to achieve a quasisteady state. A Fourier transform
was performed of the time dependenceTqfand the rate 0.0001 g
coefficient for ionization of argonk;,,, over the last few
cycles. The ratidS, /S, for harmonics=10 were then com- 105 TS s a5 8 78 9 10
pared. The energy equation we solved was @) HARMONIC
( 3 ) 1 T T T T T T T T T
d > NekpTe qzne[E Siﬂ(wt)]z 100 mTorr "R
dt mevm(Te) 0.1+ D kion 7
3 2m
= 5 Mekn 2 = Nik(Te=T) & oo :
c
9 0.001F
—neY, Nikijej; (12)
Y 0.0001
whereky, is Boltzmann’s constank,, is the rate coefficient
for momentum transfer for speciéhaving densityN;, and 105
massM; , andk;; is the rate coefficient for inelastic collision 1.2 3 4 5 6 7 8 9 10
{b) HARMONIC

j for species having energy loss;; . The electric field was
oscillated atw=10 MHz having anE/N amplitude of 500 FIG. 9. The ratio of the harmonic amplitudes to the time-averaged value,
Td (1 Td=10"17 V—cnP). Rate coefficients were obtained S,/Sy, for electron temperature and ionization of argon in an Ar/N
by solving Boltzmann's equation for the EED using a tWO_z_QO/lQ gas mixture at 10 MH; obtained by integrating the zero-
term spherical harmonic expansion over a large range q(ilmens[onal electron energy equatlc@ 5 mTorr a}nd(.b) 100 mTorr. The
. ; armonic content of botfT, and k;,, increase with increasing pressure.
E/N. A lookup table for the rate coefficients usifig as the  aithough T, andki, have similar harmonic content at the lower pressure,
free parameter was then created from the results. This prake harmonic content fdk;,, greatly exceedd, at the higher pressure.
cedure and the immediately following discussion is intended
to demonstrate scaling laws and not intended to map directly
to the ICPs of interest. The choice of 500 Td corresponds to
a few V/cm at 5-20 mTorr, a typic&/N in the skin depth. tudes are shown in Fig. 1& and the sum of the harmonic
Values ofS, /S, for T, andk;,, for pressures of 5 and amplitudes, ignoring the contributions of phase factors, is
100 mTorr obtained from analysis of E(L2) are shown in  shown in Fig. 10b). The operating conditions are 5 mTorr of
Fig. 9. At 5 mTorr, there is significant harmonic content only Ar/N,=90/10 and a power deposition of 650 W. Increasing
for the second harmonic reflecting the low value1gf/ @ frequency decreases boih,/w and 1/(,,w), and so one
(about 0.3 for the bulk and 3 for the tail of the EElhich ~ should expect lower harmonic content for both collisional
results in the EED averaging the electric field over the rfand NLF processes. For example, at a frequency of 10 MHz,
cycle?® In general, the harmonic content of bokh andki,, v/ w~0.15, which is sufficient for significant amplitudes
track each other. At 100 mTorr, bofhy, and, k;,, have sig- for the second and fourth harmonics from collisional pro-
nificantly more harmonic content, dominantly at the evencesses. The individual amplitudes of the harmonics decrease
harmonics(v,,/w is about 6 for the bulk and 60 for the tail to less than 3% of the time-averaged value at around 30
of the EED. In all even harmonicsS, /S, for ki, is larger ~ MHz. In this regime v,/ w~0.05 which is sufficiently small
(by more than an order of magnitude at higher harmgnicsthat electrons respond to the time-averaged field. NLF de-
that for T.. S,/ for ki, retain these large values through creases with increasing due to the reduction iB,; and so
the 20th harmonic. Ag;,, has an exponential dependence onlarge harmonic content is not expected from these processes
the electron temperature, small harmonic excursion§ of at high frequency. The increase in harmonic content atdow
are amplified in a highly nonlinear fashion, requiring signifi- likely contains contributions from both collisionalinear)
cant Fourier coefficients extending to high harmonics to reand NLF processes.
construct its time dependence. The harmonic content of the ionization source function
Reactor averaged harmonic content of the" Aource  as obtained with the OTF method as a function of pressure is
function obtained with the OTF method as a function of rf shown in Fig. 11 for 13.56 MHz, Ar/N=90/10, and a power
frequency is shown in Fig. 10 where we have retained foudeposition of 650 W. The individual harmonic amplitudes are
harmonics in the analysis. The individual harmonic ampli-shown in Fig. 11a) and their sum is shown in Fig. ().
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FIG. 10. The ratio of the harmonic amplitudes to the time-averaged value,
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(b)
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60 7
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S, /Sy, for ionization of argon for the base case conditions except for vary-FIG. 11. The ratio of the harmonic amplitudes to the time-averaged value,

ing frequency(a) Individual harmonics an¢b) sum of the harmonic ampli-
tudes(ignoring phase factoys

tudes(ignoring phase factoys

(The sum of the harmonics may be greater than one due to
the neglect of phase factorgor these results, we computed
Fourier coefficients through the eight harmonic. Based on

S,/S,, for ionization of argon for the base case conditions except for vary-
ing pressure(a) Individual harmonics andb) sum of the harmonic ampli-

only collisional (linea arguments which use,,/w as a ' ' ' '
scaling parametefwhich scales with pressureone should 04T S2 |
expect a monotonic increase in harmonic content when in-

creasing pressure. This trend is seen at pressures greater that ° 03r i
15 mTorr. At lower pressures, there is also a net increase in ®

harmonic content, which is counter intuitive based on colli- & 2°r i
sional arguments. However, at lower pressures, the electron S4

mean free path increases and collision frequency decreases, 0.1; ]
thereby increasing the magnitude of second-harmonic NLF 51,53

acceleration. We can attripute the increase in harmonic con- (@) 0-00 10 20 30 40 50
tent at low pressures to this effect. Frequency (MHz)

The effect of gas composition on harmonic content of
the source functions was also investigated. To this end, the
HPEM-OTF was used to perform parametrizations as a func-
tion of frequency were performed for an AN 60/40 gas
mixture and the results are shown in Fig. 12. The harmonic
content varied with frequency similarly to the AN
=90/10 gas mixture, decreasing with decreasing values of
v/ . As the collision frequency for Ar/lN=60/40 gas mix-
tures is about 50% larger than the leaner gas mixture, higher
harmonics have significant amplitude to approximately 25
MHz, compared to about 18 MHz for the leaner mixture.

The contributions to the second-harmonic component of
excitation between linear processes and NLF was quantified

¥ Sn/S0

0.0

1

(b) 0 10

20
Frequency (MHz)

30

40

50

FIG. 12. The ratio of the harmonic amplitudes to the time-averaged value,

in the following manner. Parametrizations of the HPEM- s )
S,/Sy, for ionization of argon as a function of frequency for AN
OTF were performed over a pressure range of 1-10 mTorLgg40 at 5 mTorr and 650 Wa) Individual harmonics andb) sum of the

and frequency range of 2—10 MHz. Reactor averaged valugsrmonic amplitudegignoring phase factoys
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o7 | o o T T -] cluding the X B terms, S,/S, is well correlated with
' -~ 1/(v,,w). The dashed line in Fig. 1B) is a logarithmic fit of
06 |, A . . S, /Sy when inclqding '.[ha?xé terms. Those points WhiC.h
a a depart from the fit again tend to be at the extremes of either
J= 05 | a o | pressure or frequency. When excluding the B terms,
X N o .- S, /S, appears to have no correlation with dj{w).
0 04+ o.-" 8 Based on the scalings from Fig. 13, it appears that for
’_L-"" the pressure and frequency ranges investigated, even har-
03 g L o . monic content of excitation rates is largely attributable to
._,.—"'0 d A With v x By NLF, and an appropriate scaling factor is id4w). In the
02 @ Without v x Byf ] absence of the NLF, even harmonic content scales with
Y T ' vmlw, though the magnitude of that harmonic content is
@ Ve /G smaller.
m
——— — - .
0.7 - A With v x By AT IV. CONCLUDING REMARKS
® Without v x Byt ,’k . o
0.6 - A,—‘ 4 To resolve the harmonic content of excitation rates and
A 4,5 source functions in low-pressure plasma sources, a Monte
o 05| & 4 Carlo technique was developed and implemented into a two-
@ a * . dimensional plasma equipment model. In the OTF method,
N S o . moments of the EED and their harmonics are directly com-
A * puted during integration of the trajectories of the pseudopar-
03 | . * . e ticles. Harmonic content of source functions for Aj/Nas
. . . mixtures at<10s mTorr powered at.10s MHz was inves-
02 | tigated. We found that high threshold processes such as ion-
I E— : ization have significant even harmonic content indicating
(b) 103 102 modulation of the tail of the EED with the half cycle peaks

2
1(vm ) [MHz) of the inductively coupled electric field. Lower-threshold

FIG. 13. Reactor average® /S, for ionization of argon in Ar/N=60/40  Processes, such as vibrational excitation ¢f Nave signifi-

gas mixtures for arbitrary combinations of press(te-10 mTorj and rf  cantly less harmonic content due, in part, to the electrons in
frequency(2-10 MH2 as a function ofa) v/ and(b) 1/(vyw). Results  the bulk of the EED being less collisional. We found evi-
are shown when including and excludidieg B terms in the electr(zn accel-  dence for significant noncollisional heating and Iong mean-
eration. The dashed lines are logarithmic fits to the data withiouB in (a) free-path transport in the form of pulses of ionization which

and withg X B in (b). Harmonic content at high values of {{w) is attrib- axially propagate across the reactor. These pulses are attrib-
utable to nonlinear Lorentz forces and at high valuespfw to collisional . R
processes. uted to nonlinear Lorentz forces producingk B accelera-

tion resulting from the rf magnetic field. The scaling of har-
monic content was, on a reactor averaged basis, well

of S,/S, for ionization of argon and the time averageg correlated with 1/f,,w) when incIudingJXI§ acceleration,
for an Ar/N2: 60/40 gas mixture were Computed_ Va|uesWith more harmonic content occurring with Iarger values of
were obtained when including and excluding theB terms ~ /(¥m®). When excluding the NLF terms, harmonic content

in the acceleration for electrons in the MC$./S, was then ~ Scaled withvy,/w. When varying only frequency, harmonic
plotted as a function of,,/® and /() content increased with decreasing an effect which could
m m .

S,/S, as a function ofv,,/w for arbitrary combinations be attributed to both NLF and collisional processes. When

of pressure and frequency is shown in Fig(@3The expec- changing only pressure, we found increas'es in harr_nonic con-
tation is thatS,/S, should scale withv,,/w if collisional tent at both high and low pressures. The increase in harmon-

processes dominate. In all cas&s/S, is larger when in- ics at high pressure is attributed to collisional heating which

cluding theg X B terms than when excluding them. When scales W'thym/‘.‘" The increase at Ipwer pressures is attrib-
, ; R : uted to increasing NLF heating which scales as/14).
including theu X B terms, there appears to be no scaling of

S,/Sp with vy/w. When excluding thei X B terms,S,/Sy  ACKNOWLEDGMENTS

appears to be well correlated with,/w for large values of
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