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Models of ion dynamics in radio-frequenésf) biased, high-density plasma sheaths are needed to
predict ion bombardment energies in plasma simulations. To test these models, we have measured
ion energy distributionglEDs) in pure CK discharges at 1.33 PA0 mTorp in a high-density,
inductively coupled plasma reactor, using a mass spectrometer equipped with an ion energy
analyzer. IEDs of CF, CF,, CF', and F ions were measured as a function of bias frequency, bias
amplitude, and inductive source power. Simultaneous measurements by a capacitive probe and a
Faraday cup provide enough information to determine the input parameters of sheath models and
allow direct comparison of calculated and measured IEDs. A rigorous and comprehensive test of one
numerical sheath model was performed. The model, which includes a complete treatment of
time-dependent ion dynamics in the sheath, was found to predict the behavior of measured IEDs to
good accuracy over the entire range of bias frequency, including complicated effects that are
observed when the ion transit time is comparable to the rf bias peri¢®Ol: 10.1063/1.1467403

I. INTRODUCTION tested by experiment. Although the effects of rf bias on ion
energies have been measured in many stddie¥h16-2

P'asm"?‘ processes are widely used l_Jy industry to depo%‘ﬁese studies typically do not measure all the input param-
and etch films. During plasma processing, substrate Waferst ded by th del . . f
exposed to plasmas are bombarded by reactive chemical sp%—erS needed by e MOders, So rigorous comparisons ot mea-

cies and energetic ions, resulting in deposition or etching_surements to model predictions are usually not possible. For

The energetic ions often play an important role in depositiorEX@mPple, ion energies depend strongly on sheath voltages,
processes and they are essential for plasma etching. To oBut these are rarely measured. To calculate the sheath width
tain optimal results, ion kinetic energies must be carefullyand sheath electric fields, models also require a value for the
controlled. In nearly all modern plasma reactors, this is acelectron density or the total ion current density, but these
complished by applying radio-frequendyf) power to the parameters are also usually left unmeasured.
substrate electrode. This rf substrate bias is designed solely In contrast, in this study, we performed a rigorous and
to control the ion bombardment energies, independent of theomprehensive test of ion energy distributions predicted by
rf or microwave source that generates and sustains thgne sheath modéugy combining ion energy measurements
plasma. Nevertheless, despite the widespread use of rf big§ith capacitive probe measurements of sheath voltages and
and much study, the effects of rf bias on ion energies are stilkgragay cup measurements of ion current density, we com-
not completely understood. Rigorously validated models tha{)letely determined all the input parameters of the model,
W,OUI_d yi_eld accurate quantitatiye predictions for ion energyallowing us to directly compare model results and measure-
d'St”bUt!on.S(lEDS) are not avallgble. ments. The tests were performed in a high-density, induc-
_rf biasing produces a radlo-f_requency voltage OIrOp’tively coupled plasma reactor at a pressure of 1.331®a

which usually occurs almost entirely across the plasma . s .

Torr), low enough that ion collisions in the sheath can be

sheaths, thin regions at the boundary of the plasma, no lected. Unlik . wudi ; di
across the plasma itself. It is also in the sheaths that ions ga Fglected. Lnlike previous studies periormed in rar€ gases,

most of their energy. Thus to predict ion energies requires §/Nich typically contain a single dominant ion, we choose
model for the complicated dynamics of plasma sheaths. AEF4 Which provides a variety of ionic species of different
low pressures typical of etching plasmas, ion mean free patigasses. By varying the rf bias amplitude and frequency as
are usually larger than the sheath width, so ion collisions ifvell as the inductive source power, we performed a compre-
the sheath can often be neglected. Nevertheless, ion dynaiensive test of model predictions for ion energies, including
ics in collisionless sheaths have complicated time-dependettiteir dependence on sheath voltage, rf bias frequency, ion
and frequency-dependent effects that are not fully undereurrent density, and ion mass.
stood. We describe the experiment in Sec. Il and the model in
Many models of collisionless sheath¥ have been de- Sec. IIl. Model IEDs and measured IEDs are compared in
rived, but ion energy distributions predicted by the modelssec. IV. Peak energies and average energies are also com-
often disagree. Furthermore, they have not been sufficientlijared there. In Sec. V the width of model IEDs and measured
IEDs are compared with each other and with previous work.
dElectronic mail: sobo@email.nist.gov Section VI summarizes our conclusions.
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I trode onto other cell surfaces. Variable-frequency rf bias was
(a) side view [§ applied to the lower electrode using a signal generator and a
power amplifier.
S e o . spiral coil _ Gas flowed into the cell through a side port of the reac-
té— quariz tor, shown in Fig. 1b), at a flow rate of 14.9umol/s (20
quartz window § sccm). The gas outlet was another side port on which a pres-
L electrostatic shield sure control valve and turbopump were mounted.
e Conﬁnan;’e;‘;;Yng“P_» B. Mass spectrometer and Faraday cu
wire probe === ')O<—_| . P . . / P
e N | Incorporating an ion energy analyzer and mass
D\aluminum clectrode e o e spectrometer into an rf biased electrode is difficult. The
insulator entire instrument must be rf biased, or errors will be

introducedt®?® To avoid these difficulties, we instead
mounted the energy analyzer/mass spectrometer on a side
port, as shown in Fig. (b), and grounded its inlet orifice,
instead of biasing it. When rf bias is applied to the lower
electrode, some rf voltage is developed across the sheath
adjacent to the lower electrode, but an additional rf voltage is
. developed across the ground sheath, i.e., the sheath adjacent
, to the grounded mass spectrometer inlet and other grounded
‘ | surfaces. Thus we are still able to study rf bias effects, even
P [N though the spectrometer itself is not rf biased.

ground shield

(b) top view | Viewpart |

gas

inlet Faraday

cup

———
control
valve
and
turbo
pump

electrical
feedthrough

voltage probe r viewport

To sample ions close to the center of the discharge, an
\ extension was attached to the end of the mass spectrometer.
| tomass spectrometer — It protrudes into the gap between the steel plate and the
' — quartz confinement ring to a distance of 46 mm from the
radial center of the reactor, 11 mm inside the inner diameter
of the quartz confinement ring. Spot-welded to the end of the
’ extension is a 3..um thick nickel foil, with a 10um diam-
ressure eter hole in it, located 9.5 mm above the steel plate. lons pass
gauge through the hole into a cylindrical, field-free region 10 mm
| in diameter and 42 mm long, and eventually enter the ion
energy analyzer and mass spectrometer, which have been
FIG. 1. Diagram of the plasma reactor, includifa a side view of the ~ described previousk? The resolution of the energy analyzer
electrodes andb) a top view of the entire chambe(|) and (b) show two [full width at half maximum(FWHM)] was 1 eV, and the
different designs for the wire probe. uncertainty in its energy scale is estimated toheeV. lon
intensities were adjusted to account for previously measured

Il. EXPERIMENT variations in ion transmission as a function of ion m#ss.
After such adjustments, the ion transmission is estimated to
A. Plasma reactor be uniform to 20% over the range of ion masses and ion

Experiments were performed in a Gaseous Electronic§"€"9'es studied here.

Conference(GEC) Reference Celf (Fig. 1), in which the To calibrate the ion fluxes measured by the mass spec-
standard upper electrode was replaced by an inductive, higllir_ometer, we used a Faraday cup mounted on another side
density plasma source. The sotfiteonsists of a five-turn, port, next to the mass spectrometer. The 1.59 mm diameter

planar coil with one end grounded and the other end drivefPerture f_it the inlet _Of the Faraday cup was positioneq atthe
by a 13.56 MHz generator and a matching network. Thesame radius and height as the mass spectrometer orifice. The
power supplied to the coil was measured at the generatog.C current measured when the cup was dc b|esed2z§IV .
Therefore reported power values include resistive losses iyas divided t.’y the area of the aperture to obtain the tetal lon
the matching network and the inductive source. An electropum?nt QenSIty. This value was then used to normalize the
static shield® was placed below the source, insulated from itrelatlve ion fluxes measured by the mass spectrometer.
by a quartz disk. As in Ref. 27, a quartz ring was suspendeg c i b
from the inductive source assembly to help confine the high-" apacitive probe
density discharge and allow operation in electronegative The time-dependent potential in the plasma was mea-
gases over a broader range of pressure and power. sured with a wire probe. We tried two different designs: one
The lower electrode assembly consists of an aluminuntonsisted of platinum wire coiled into two loops, as shown in
electrode and a steel ground shield, separated by an alumifdg. 1(a), the other consisted of steel wire coiled into two
insulator. As in Ref. 25, a steel plate of diameter 16.5 cm waspirals, as shown in Fig.(fy). Both were designed to provide
placed on the lower electrode to increase its effective area large area of contact with the intense plasma that fills the
and to prevent sputtering of aluminum from the lower elec-region inside the quartz confinement ring. Both were sup-

Downloaded 13 May 2002 to 129.6.144.46. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japol/japcr.jsp



J. Appl. Phys., Vol. 91, No. 10, 15 May 2002 Sobolewski, Wang, and Goyette 6305

ported by an electrical feedthrough, a support wire, and conand
nectors described previousty.The platinum wire was less
able to withstand plasma exposure; it gradually grew thinner, ~ d(nju;)/dx=—an;/dt, 2
presumably by sublimation. The looping of the platinum , L ,
wire made this problem worse, since the loops allow current¥/N€reE(x.t) is the electric field. The field, and the electro-
induced by the plasma source to circulate, causing additiongtalc Potential(x,t), are related to the total charge density
heating of the wire. The spiral design is preferred, since i y Gauss's law and Poisson’s equation:
contains no closed loops.

An oscilloscope voltage probe was mounted on the wire

probe’s electrical feedthrough, outside the vacuum chambejyhere n, (x,t) is the total density of alN ionic species,
The oscilloscope digitized the probe signal and transferreq;l,e(xyt) is the electron density, anel, is the permittivity of

the data to a computer, which digitally filtered the signalsyzcuum. \Voltages are referenced to the grounded surface,
and extracted the magnitudes and phases of significant Fopg V(xg9 =0.

rier components. In low-density discharges, further analysis \\e simplify Eq. (3) using the oscillating step
is required to account for the rf volgage drop across theypproximatior?2% which assumes that the electron density
sheath that surrounds the wire préBé° Here, however, as profile has a step-like drop at a time-varying positiMt).

in previous studies of high-density discharge®; the 1f  on the plasma side of the step~n. : on the sheath side,
voltage across the wire sheath was shown to be negligiblehe< n. . Therefore Eq(3) becomes

On the other hand, the dc voltage across the wire sheath,

— V2 9x?= 9El 9x=e(n, —ny)leg, (3

Vs, iS NOt negligible, and must be accounted for. As in Ref. VA= 0, X<W(t)
16, we determine¥,; from ion energy and wire probe mea- Tl ax en, lsg, x=W(t). 4

surements made with no rf bias applied. Addiig; to the

filtered voltage signal, we obtain the complete time-ysing this approach, one avoids having to perform an inef-
dependent plasma potentiap(t), which can also be con- ficient, iterative solution for the electron density.
sidered the voltage drop across the sheath in front of the  For boundary conditions at=x,, i.e., at the interface

grounded mass spectrometer inlet orifice. Change¥pii  petween the plasma and the sheath, we use the following:
during the experiments, due to changes in surface conditions

or electron temperature, contribute a dc uncertaintyjt), E(Xq)=0, (5)
which, for the results presented here, is estimated tda-be
V. V(Xg,t)=Vp(t) —2kT./e, (6)
IIl. SHEATH MODEL (1/2)m;uf(xo) = 2T, (7
A. Model equations and

To calculate ion energy distributions we use the same
sheath model described in Ref. 1, except for two changes. Ni(Xo)=Ji/[eU(Xo)], ®

First, we are now simulating the sheath in front of the
grounded mass spectrometer inlet, not the sheath at the
biased electrode. The coordinateow indicates the position

hereV(t) is the voltage in the center of the plasnkas
oltzmann’s constanfl, is the electron temperature, add
along the axis perpendicular to the grounded surface. Th'<,§vthre (r:]u"r?m dlens_ll_tr)]/ of IEEh r'%mf sper%i?,rflmer—avirage:
axis extends fronx, to X4e, Wherexg is the position of the '?het fore d cyﬁe. th ?hse tou mady Icoiv ?/ Is de@; 0_5e S0
grounded surface and, is an arbitrary position on the nazj’n-o a? tﬁs fa n,d gsele?:tr zleetr?ateas r:uwithgl ,hm’s
plasma side of the sheath. For simplicity, we assume that th%]eor;/“ afteer %é):ptir?g i eto (z)account fo? rﬁultiple ignic
inlet orifice is small enough that it does not significantl A . . :

9 g y pecies® The unexpected factors of 2 in the right-hand side

perturb the sheath electric field or the ion trajectories. Give .
this assumption, a one-dimensional model is sufficient, an&lc Eqgs.(6) and(7) arise because we match the Bohm theory

no other position coordinates are needed. aF the e!ectrode, not at the plasma/sheath boundary. For more
Second, we now allow more than one species of ion indlscussmn, see Refs. 1 and 36.
the sheath. The total number of ionic speciefNjsand the
mass of theith species is denoteh;. Each species has a
single, positive ionic charges. Negative ions need not be B. Model input parameters
considered, since they are repelled by the sheath electric
field. They remain in the plasma and do not enter the sheat
The density and mean velocity of thih ionic species,
n;(x,t) andu;(x,t), vary with positionx and timet according
to the fluid equations. At sufficiently low pressures we may
ignore ion collisions and ionization within the sheath and
write the fluid equations as

h The sheath model requires a value for the nrassand

the time-averaged current densily of each ionic species.
Only the four or five most prevalent ions identified in ion
mass scansgFig. 2) were included. Additional ions, which
contributed a few percent or less of the total ion flux, were
neglected. To obtain values fdr, we first determined rela-
tive current densities by integrating ion energy distributions
du;ldt+u;du; [ox=eE/m;, (1) measured with no rf bias. Then these relative densities were
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I FIG. 3. (a) Measured ion energy distributions aftg) sheath voltage for a
1.33 Pa(10 mTorp CF, discharge at 200 W inductive source power and no
rf bias.

ion mass (amu)

Finally, we update the histograms that record the kinetic en-
FIG. 2. lon mass scans for discharges in,@F1.33 Pa10 mTorp, no rf ergy dISthb_lJtIOﬁS of ions arrl\_/lng at the grounded Sqr_face'
bias, and inductive source powers(af 200 W and(b) 300 W. The identify At the first time step, the ion densities and velocities are
of the four or five most prevalent species are indicated. The mass 28 peak iissumed, quite unrealistically, to be constant in space, but
(), either St or CO", presumably results from etching of the quartz win- they rapidly converge on a realistic, periodic solution after a
dow under the inductive plasma source. The window was expodl, ibut . ' . . .
in (a) was covered by a layer of material that had been sputtered off of othepumber of time steps cgmparable to th_e t'me 't. takes 'Ons_to
surfaces. cross the sheath. Contributions to the ion kinetic energy dis-
tributions are only recorded during the final rf cycle of the

simulation. They are not recorded during the time that the

scaled so that their sum was equal to the total ion currergimulation is converging.
density measured by the Faraday cup. At 200 W inductive

source power, the resulting values far were 0.50, 0.34, D. Broadening effects
0.30, and 0.14 mA/c#for ion masses of 69, 50, 31, and 19
amu, respectively. At 300 WJ; was 0.92, 0.46, 0.35, 0.30
and 0.28 mA/crh for m;=69, 50, 31, 28, and 19 amu, r

Two effects that cause broadening in measured IEDs are
' not included in the model, but are accounted for afterward,
! e by operating on the IEDs output by the model. These two
spectively. , _ effects can be quantified by considering IEDs measured at
_The model also requires the plasma potentiglt), g if bias. As shown in Fig.(8), such IEDs have a shape
Wh'Ch_ Was.determlned by the capacitive probe measuremenfg,; i nearly Gaussian, with a FWHM of 3.4 eV. Part of this
described in Sec. IIC, and the electron temperalyeFor g s contributed by an instrumental broadening of 1 eV

Te, we7gsed a value of 4.58 eV measured by Singh angharent in the ion energy analyzer. The remainder is due to
Graves' in a high-density, inductively coupled discharge in i " residual capacitive coupling of the inductive plasma

pure Ch at 1.33 Pa(10 mTory. Under the same conditions g, .ce Even when the electrostatic shield is present, the

in an inductively coupled GEC cell, similar values ® o4 rce still induces a small oscillation in the plasma potential
were measured at 13.56 MHz and its harmonics, as shown in Figh)3Be-
cause of this oscillation, ions collected at different times will
have slightly different energies, resulting in a broadening of
the energy distributions.

Equations(1), (2), and(4) were solved numerically on a We account for the broadening effects as follows. Before
spatial grid of 200 points, covering a distance of 0.5-1.1the plasma potential wave forms measured by the capacitive
mm. Depending on rf bias frequency, we used 2500—-10 00@robe are input into the model, they are digitally filtered to
time steps, covering a total time of 1.2—10 rf bias periodsyemove Fourier components at 13.56 MHz and its harmon-
with 1000—4000 time steps per rf bias period. The solutiorics, as shown in Fig. @). Then, the IEDs output by the
proceeds as follows. At each time st&fi(t) is determined model are convolved with a Gaussian functiowith a
by numerically integrating Eq4), starting at the surface of FWHM of 3.4 eV) which accounts for both broadening ef-
the grounded electrode, until the appropriate value is obfects simultaneously. The effect of the convolution is illus-
tained for the voltage drop across the sheath. QN is  trated in Fig. 4a). Before the convolution, the IED has very
known, the electric field is calculated from Ed). Then ion  sharp peaks. The apparent intensities of such peaks some-
velocities and densities are updated using Efjsand (2). times depend sensitively on the bin size used in the model

C. Solving the model
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FIG. 4. (a) Model ion energy distribution beforéine line) and after(bold
line) convolving the distribution with a Gaussian broadening functitn.
Corresponding sheath voltage wave form as meastiieel line) and after
digital filtering (bold line). Results are for CF, at 200 W inductive source
power, and 1 MHz rf bias.

model ion flux

calculation. The convolution removes any bin size effects

and results in IEDs with peaks whose intensity can be more

easily compared to measurements. 0 50 20 60 80 . 100
Alternatively, one could input the unfiltered plasma po- ion energy (eV)

tential wave forms into the model and do a convolution that

only accounts for the instrumental broadening. Such an ag='G. 5. (8—(d) Measured ande)—(h) model ion energy distributions for a

P . as frequency of 100 kHz and varying bias amplitudes, indicated by values
proach is, however, much less convenient. Unless 13'5§lf V. the peak-to-peak voltage across the ground sheath. Within each

MHz is an exact multiple of the rf bias frequency, the unfil- subfigure, distributions for CF; CF}, CF', and F are plotted on a single,
tered wave forms will not have a periodicity equal to one rfarbitrary vertical scale. The distribution with greatest intensity is always
bias period. Instead, they will repeat themselves only after &F;, followed in order by CF, CF', and F'. The inductive source power
much longer time period lasting many rf cycles. Performing's 200 W.

simulations over such a long time period is inefficient and

unnecessary.

the model IEDs and measured IEDs are in good agreement.
IV. ION ENERGY DISTRIBUTIONS For th.e measurements as ngl as the model results, the peak
energies vary little from one ion to another.

Measured ion energy distributions at 200 W inductive ~ To enable closer comparisons, the energy of the high
source power are compared to model IEDs in Figs. 5-7energy peakEyg,, and the energy of the low energy peak,
Each figure shows results for a different rf bias frequencyE,y, are plotted in Fig. &). Measured values are plotted
and several different settings of the rf bias amplitude, agising symbols; model values are plotted with dotted lines. At
indicated by the values given ft,,, the peak-to-peak volt- 100 kHz, Eyg, and Ej,, do not depend on ion mass, so
age across the ground sheath. Each subfigure shows IEMseasured values for different ions fall on top of one another,
from four different ionic species: G CF,, CF*, and F,in  and model values for different ions fall on the same dotted
order of decreasing intensity. Data within each subfigure areurve. The model values agree with the measurements.
plotted on the same vertical scale, but to make all the IEDs At 100 kHz, there is a close correlation between the ion
clearly visible it was necessary to vary the vertical scale fronenergy distributions and the sheath voltage. To see this, the
one subfigure to another. minimum and maximum values of the sheath voltagg;,
and V., have been converted to energiésV,,, and
eVpna and plotted as solid lines in Fig(&. For both the

Figure 5 shows results for the lowest rf bias frequencymeasurements and the model resulg;g~eVpax, and
100 kHz. Measured IEDs are shown in Figda)55(d); Eiow~€Vmin- This agreement between ion energies and
model IEDs are shown in Figs(&-5(h). All of them show  sheath voltages is a well-known property of rf sheaths at low
a double-peaked structure, unlike the single peaks observdrequencies. If the rf bias frequency is low enough, the rf
at zero rf biagFig. 3@]. As the rf bias amplitude and the bias period will be long compared to the time it takes ions to
peak-to-peak ground sheath voltage increase, the position afoss the sheath, and ions can be considered to cross the
the higher energy peak shifts upward in energy, but the lowesheath instantaneously. Thus a singly charged ion crossing at
energy peak hardly shifts at all. The energies of the peaks itime ty, when the voltage across the sheath/|gt,), arrives

A. Low bias frequency
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) L subfigure, distributions for Gf; CF}, CF', and F (in order of decreasing
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source power is 200 W.

FIG. 6. (a)—(d) Measured ande)—(h) model ion energy distribution for a ) )
bias frequency of 6 MHz and varying bias amplitudes, indicated by values2 more intense lower-energy peak. For the measured IEDs in

of Vi, the peak-to-peak voltage across the ground sheath. Within eacFigs. §a)—5(d), the low energy peaks are more intense than
subfigure, distributions for CF CFj, CF", and F (in order of decreasing the high energy peaks, but to a lesser degree than that pre-
intensity are plotted on a single, arbitrary vertical scale. The inductived. d by th del T,h' di db db
source power is 200 W, |cte_ y the model. This _|sa_grv_aement could be caused by
the ion energy analyzer discriminating against low energy
ions or in favor of high-energy ions. Comparisons indicate
that any such discrimination is smaller for the present ion
energy analyzer than that used in previous w8rkut dis-
crimination effects may still be present. Measurements of
average ion energies are also affected by discrimination ef-
fects, but measured peak energies are rather insensitive.

at the electrode with an energy of exactyy(ty). The
minimum and maximum ion energies shodid the absence
of any broadening effectexactly equale Vi, and e V-
Similarly, the averagé€mear) ion energy,E,, should equal
eV,, whereV, is the time-averaged sheath voltage. Plots ofB Medium bias f
Ey andeV, in Fig. 9@ indeed show thaEy~eV, for both - viedium bias frequency
measured and model values . lon energy distributions obtained at a bias frequency of 6

At low bias frequencies, the shape of the ion energyMHz are shown in Fig. 6. Measured IE[}Bigs. §a)—6(d)]
distributions depends solely on the shape of the sheath voland model IEDSFigs. §e)—6(h)] are shown for four differ-
age wave form. Measured sheath voltage wave forms arent values o¥/,, the peak-to-peak sheath voltage. As in Fig.
quite flat near their minimum or maximum. Therefore ions5, each IED shows a pair of peaks. Unlike Fig. 5, the low-
arriving at the electrode for some time before or after theenergy peak in Fig. 6 shifts to higher energies for increasing
exact minimum or maximum will have energies close toV,. The shift is greater for heavier ions. The position of the
€ Vnin O €Viax. Such ions contribute to the two peaks, onehigh-energy peak also depends on ion mass, with heavier
at each end of the distribution. Because the sheath voltagens being shifted to lower energies. These shifts are ob-
sweeps through intermediate voltages much more rapidly, theerved in the model results as well as the measurements. For
intensity of the IED is much lower between the peaks. all the ions, and all values af,,, model predictions for the

In each model IED in Figs.(®-5(h), the amplitude of peak energies agree with measured values.
the lower-energy peak is higher than that of the higher-  Figure 8b) plots 6 MHz results for the positions of the
energy peak. This effect too can be explained by consideringvo peaksEpign andE,q,, , and the energiesVp,, ande Vy,a
the shape of the sheath voltage wave form. Measured shedtthat correspond to the minimum and maximum sheath volt-
voltage wave forms are flatter for a longer time n&af,,  ages. The plots oéV,,, and eV, are very similar to that
compared tdV .. >* Therefore more ions arrive at the elec- seen at 100 kHz, in Fig.(8), but the plots O high andEjqy,
trode with energies ne&V,, than neaeV,,,, resultingin  are not. Instead of observing,,~€Vyi, and Epg,
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peak-to-peak sheath voltage (V) longer transit times, and are thus subjected to more averag-

FIG. 8. Measuredsymbolg and model(dotted curvepvalues ofEyg, and Ing. . . . .
Ew. the energies of the two peaks in the ion energy distributions, for f ~ COMparison of the peak heights in Figs. 5 and 6 shows

bias at(a) 100 kHz, (b) 6.0 MHz, and(c) 10 MHz. Also plotted(solid  an increase in the height of the higher energy peak when the
curves are the energies Vi, and eVp,,, whereVpy, and Vi, are the  rf bias frequency is increased from 100 kHz to 6 MHz. At
minimum a_nd maximum values of the sheath voltage(a)nmo_dgl values 100 kHz (Fig. 5) the height of the high energy peak, for
for all four ions are the same, so only one dotted curve is visible. -
measured as well as calculated IEDs, is always less than that
of the lower energy peak. In contrast, at 6 MHRg. 6) the
height of the high energy peak is often higher than that of the
low energy peak, especially for GFdistributions at high
~€Vnax, We instead see thdtygy, is shifted significantly V. For lighter ions or lower sheath voltages, the height of
down from eV, and E,,, is shifted up fromeV,,,,. The the high energy peak is less than that of the low energy peak,
shifts are greater for heavier ions. When the bias frequency isut it is nevertheless a greater fraction of the height of the
increased from 6 to 10 MHz, in Fig.(8, Epg, is shifted low energy peak than it was at 100 kHz. All IEDs, measured
further down fromeV,,,x andE,,, is shifted further up from as well as calculated, show this increase in the relative height
€Vmin- In both Figs. &) and §c), model values foEg,  of the high energy peak.
andE,,, for different ions, plotted by dotted lines, fall in the The changes in peak heights in Figs. 5 and 6 are related
same order as the measured values, with lighter ions havintp a time-variation in the current and flux of ions during the
higher values oEy,g, and lower values oE,q,, . For all con-  rf cycle, which occurs whenever the rf bias period becomes
ditions, model values oEg, andE,,, agree with the mea- comparable to ion transit timés? During the portion of the
surements. rf cycle when the sheath voltage is increasing, each ion en-
At 6 and 10 MHz, the rf bias perio@l67 or 100 nsis  tering the sheath is accelerated slightly faster than the ions
comparable to the time that it takes ions to cross the sheathat preceded it. lons “gain on” their predecessors, resulting
(50-130 ng Consequently, ions can no longer be consideredn a relatively high flux of high energy ions arriving at the
to cross the sheath instantaneously, absorbing an energy delectrode near the time that the sheath voltage is maximized.
termined by the instantaneous sheath voltage. Instead, théy contrast, when the sheath voltage is decreasing, ions
absorb an energy given by an average value of the sheatiossing the sheath lag behind their predecessors, resulting in
voltage, averaged over the time during which they are crossan interval, occurring near the time when the sheath voltage
ing the sheath. This averaging causes an increase in the ming minimized, during which relatively few ions arrive at the
mum ion energy and a decrease in the maximum ion energglectrode. Consequently there are more higher energy ions to
These effects are larger for heavier ions because they hawentribute to the higher energy peak and fewer low energy
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ions to contribute to the low energy peak than there would b&he model IEDs appear slightly less broad than the measured
if ions crossed the sheath instantaneously. IEDs, but there is nevertheless good agreement in the peak
The increase in the relative intensity of the high-energypositions.
peak is accompanied by an increase in the average ion en- The results in Fig. 7 indicate that, at 30 MHz, the sheath
ergy, E,. If the flux of each ionic species were constant inis entering the high-frequency regime, where the time it
time, each would have an average energy equaéVg, takes ions to cross the sheath is much longer than the rf bias
whereV, is the time-averaged sheath voltage. In Figh) 9 period. Therefore the effects of rf electric fields on ion mo-
and 9c), however, measuremengsymbolg and model val- tion are nearly entirely averaged out. lons can be considered
ues(dotted lineg of E, are higher thareV, (solid line), by  to only follow the dc electric fields. Thus, all ions, regardless
as much as 12%-16%. of the time that they enter the sheath, absorb an energy equal
The increase in average ion energy implies an increase ito eV, whereV, is the dc voltage across the sheath. Indeed,
the power absorbed by ions. The oscillation of ion currentjn all cases in Fig. 7 the centers of the IEDs appear close to
because it is in phase with the sheath voltagows ionsto eV, which is 20, 24, and 30 V fov,,equal to 9, 18, and 32
absorb more power than they would if their flux were con-V, respectively. Plots of average ion energy in Fi¢d)%re
stant in time. Evidence for this increased power absorptiorsimilarly in good agreement witleV,. Strictly speaking,
has been found in previous studies of high-density argomven at 30 MHz the effect of the rf fields is not totally aver-
discharges:12° At frequencies of 10 or 13.56 MHz, mea- aged out. The breadth of some of the IEDs, particularly the
sured rf bias powers were as much as 40% higher than thgé* IEDs in Figs. 7c) and 7f), indicates that the rf bias
power predicted by models that assume constant ion fluxvoltage is still having an effect on the ion energy.
Energy conservation therefore requires that the average ion The range of peak-to-peak sheath voltadg,, in Fig. 7
energy in such discharges be 40% higher tasp. However, s rather limited. We were not able to perform measurements
such large increases in power and average ion energy weeg values oV, greater than 32 V, because, at 30 Mténd
only observed at high sheath voltages typical of the sheath atther high frequencigsnearly all of the rf bias voltage is
the rf biased electrode. At lower voltages, comparable to thelropped across the sheath at the biased electrode, and only a
ground sheath voltages in Figgb®and 9c), the increase in  small fraction is dropped across the ground sheath. At high
ion power and average ion energy was smaller, 20% ofrequencies the sheaths have a capacitive impedance that de-
less®® which is comparable to the increase seen in Figs) 9 pends very sensitively on electrode atéahe reactor has
and 9c). more grounded area than powered area, so the ground sheath
One exception to the generally very good agreement bampedance is much smaller than the powered sheath imped-
tween measurements and model results is seen at the lowesice. Therefore the ground sheath voltage is only a small
sheath voltagey,,=19 V in Fig. 6. In the measured IEDs in fraction of the total rf bias voltage. At lower frequencies,
Fig. 6(a), the low energy peaks have a larger amplitude tharhowever, the sheaths have a resistive impedance that depends
the high energy peaks, but in the £Bnd CE model IEDs less strongly on electrode ar¥sand a larger fraction of the
in Fig. 6(e), the high energy peaks are larger than the lowvoltage is dropped across the ground sheath. Thus, at 6 MHz,
energy peaks. This discrepancy may result from the model'seak-to-peak ground sheath voltages up to 63 V could be
simplified treatment of the electron profile and the presheatlobtained, and at 100 kH/,, higher than 100 V could be
boundary in Egs.(4)—(8), which works better at higher obtained.
sheath voltages. Further measurements and modeling of The inability to obtain high ground sheath voltages at 30
IEDs at low sheath voltages could help to resolve this disMHz is not a very serious limitation of our model validation,
crepancy and perhaps improve the model. Low sheath voltsecause at 30 MHz the sheath model predicts relatively
ages are relatively uninteresting from a practical point ofsimple and uninteresting IEDs. More serious is the inability
view, however, since actual plasma etching processes requite obtain voltage¥,,>63 V at 6 MHz. At 6 MHz, the model
higher voltages~50 V or more, to produce the needed en- predicts complicated, time-dependent ion dynamics effects at
ergetic ions. high voltages, e.g., large increasesHp over eV, that we
would like to validate. To perform such validations would
require ion energy measurements at the rf biased electrode,
or a different plasma reactor with a more symmetrical ratio

of biased area to grounded area.
C. High bias frequency

lon energy distributions obtained at a bias frequency of
30 MHz are shown in Fig. 7. Measured IEDBigs. 7a)— V. WIDTH OF ENERGY DISTRIBUTIONS
Cifferent valies o, the pealio-peak sheath votage. The, T ENeTOy spread or width of an fon eneray distibution
narrowing of the IEDs observed when going from 100 kHz'> @ pa_\rtlcula_rly |mpo_rtant param_eter thatlerlallgz?_ezegn studied
to 6 MHz (Figs. 5 and  continues further when the fre- exten§|vely I Previous expe_nmerﬂéf' o and
modeling"%°3-Swork. Several different definitions for the

guency is increased to 30 MHz. Indeed, at the lower voltages

S width have been used. Here, we define the width to be the
in Fig. 7, the IEDs have narrowed so much that the two :

e separation between the two peaks,
peaks can no longer be distinguished. At the largest voltage,

V=32V, the two peaks are just beginning to be resolved.  AE=Epgn—Ejow- 9
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e T ] 2'00'\/\'/ ] visible in Fig. 1@b), which shows a plot similar to Fig.
30 - ] 10(a), but at an inductive source power of 300 W, instead of
I ] 200 W. The shape of th&E vs frequency plots in Figs. 18
< | and 1Qb) are nearly identical. The only difference between
< 20; ] them is that the latter are shifted horizontally to higher fre-
= i : quencies. To obtain the same value ®E, a higher fre-
10 7 guency is required at 300 W than at 200 W. At higher induc-
i . ] tive power, the plasma density and total ion current density
o . totalion current density = 1.3 mA/cm? S are higher, and, for a constant sheath voltage, the sheath is
A ) thinner, and ion transit times are shorter. Thus the narrowing
aof & ] of AE, which depends on the rf bias period becoming com-
I s Ft ] parable to the ion transit time, is shifted to shorter rf periods,
< | + CF* : i.e., higher rf frequencies, when the inductive power is in-
2 20¢ x CFa* ] creased. This effect, noted in previous modeling stuthié$,
g9 a CFg* is analyzed quantitatively in the next section.
ol T model 7
0 :_total ion current density = 2.3 mA/cm? 1 B. Analysis
= '5 E— “"6 IS '7 Here, we calculate ion transit times using a simple, dc,
10 10 10 Child—Langmuir sheath model, as in previous wbiR.In
frequency (Hz) such models, the density of any ionic species is given by
FIG. 10. Measuredsymbol3 and modeldotted curvesvalues ofAE, the ni=(Jj/e)[m;/(2eV)]*?, (10

separation between the two peaks in the ion energy distributions, as a func- . . .
tion of rf bias frequency at an inductive source powefaf200 W and(b) wherem; andJ; are its mass and its time-averaged current

300 W, for a constant peak-to-peak sheath voltagg= 35 V. density, andV is the electrostatic potential, here measured
with respect to the plasma. The total ion density,, is
obtained by summing over all ionic species

N ‘]i( m, m* )1/2

n = _ —
A. Results T~ el\2eV 2eV

The qualitative behavior oAE can be determined from WwhereJ. is the total time-averaged ion current density and
the behavior 0E,g, andEy, in Fig. 8. Examination of the M is an average ion mass defined by
data shows that\E varies roughly linearly withV,,, the N
peak-to-peak amplitude of the sheath voltage. At constant (m*)Y/2) +:2 mi:'-/zji_ (12)
Ve, AE declines as the rf bias frequency is increased. i=1

The frequency dependence &E is shown in detail in  solving Eq.(11) and Poisson’s equation simultaneously, we
Fig. 10a). All the values ofAE shown there are at a constant gpytain the relation between potentidland positionx:
peak-to-peak sheath voltagé,,= 35V, obtained by interpo- B s P
lating or extrapolating\E values from nearby voltages. For x=2/3(2e/m* ) Yo/, ) AV, (13)

each of the four ionic species, measured values®f plot-  This result is the same as the Child—Langmuir law for a
ted as symbols, show a similar declinei with frequency.  single ionic species except that the single ion mass is re-
Model values ofAE for the same four ions are plotted as placed bym* . Following previous derivation€ ion transit

dotted curves, which fall in the same order as the measuregimes are then derived from E@L3). We obtain the transit
points and track them rather closely. Nevertheless, some cofime of theith ion, 7;, as

sistent deviations from the measurements are seen. The 14 12

model tends to overestimateE at 1-3 MHz and underesti- ni=2[VI(2em") " (mieo/J4) ™" (14)

mate it at 20—30 MHz. For the voltage/ we insert the peak-to-peak sheath voltage,
We also studied the dependence ME on inductive Vpp, and then take the ratio of; to the rf bias period;T

source power. In general, changes in inductive source powet 1/f, wheref is the rf bias frequency, to obtain

have two effects on ion energy distributions. First, as in pre-

vious studies of argon dischargé<>*®increasing the induc- 7/ T=2[Vppl (2em) [ ¥(mizg /3, ) V1. (19

tive source power increases the plasma potential measured Bte parameter; /T is proportional td, but is dimensionless.

zero rf bias by about 1 ¥ lon energies measured at zero rf It defines a normalized, dimensionless frequency scale.

bias are therefore shifted up by about 1“8YEDs measured In Fig. 11(a), the AE data from Fig. 10 are plotted

with rf bias applied are also shifted up by the same am&unt. againstr; /T. Plotted in the figure are all the values at 200 W

This effect tends to shift the positions of both peakgg,  from Fig. 10a) and all the values at 300 W from Fig. (1.

andE,,,, by the same amount, so there is little or no effectAlso plotted is a fifth ion of mass 28 amu which was mea-

on AE. Second, for higher inductive source powers, the narsured at 300 W and was included in the 300 W simulation

rowing of AE occurs at higher frequencies. This effect is but was not shown in Fig. 1B) for the sake of clarity. When

For conditions where only a single peak is obsenzeH, is

defined to be zero. V23,

e

11)
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have a single dominant ion whose mass can also be consid-
ered the average ion mass* . Thus the (Ih*)Y* andm!?
dependences in Eq15) combine to give a fourth root de-
pendence on mass, and thd curves are shifted by the
inverse fourth root of mass.

The shifts seen in Fig. 10 can also be explained by con-
sidering ion plasma frequencies, instead of ion transit times.
Using Eq.(11), the plasma frequency of théh ion is

w;=(n,e%mieg) Y%= (3, Imeg)YAem:/2V)Y4 (16

We evaluatew; at the Bohm point,xg, where V(Xg)
=0.5kT./e=Vjg, kis Boltzmann’'s constant and, is the
electron temperature. Then we usgXxg) to define another
normalized, dimensionless frequency scale,

wl wi(xg)=2m(2Vglenm )Y (miey/d, )Y, 17

where w=2mxf is the angular frequency. Comparing Egs.
(15 and (17), we see thatw/w;(xg) has the same depen-
L , L dence oom*, m;, andJ, as;/T. Indeed, for constant volt-
102 101 100 age,w/wi(xg) and 7; /T are the same except for a constant
T multiplicative factor. Here,w/w;(Xg)=2.25r;/T. Thus all
the arguments based an/T also follow from analysis of
FIG. 11. (@) Measured(symbolg and model(dotted curvepvalues of the o/ w;(Xg).
peak separatiom\E, from Fig. 9 plotted as a function af /T, the ratio of
the ion transit time to the rf bias perioth) The same measurements(a) . )
compared to three analytic models. C. Discussion
Several previous studié&*1%2!present plots similar to
Fig. 11(a). In one’®the widths of calculated IEDs are plotted
plotted versusr; /T, the measured values &fE fall onto a  versusr;/T. The resulting curve is very similar in shape to
single curve. The model values AfE also fall onto a single that in Fig. 11a). The position of the curves also agree: in
curve, which is slightly different from the measured curve.Ref. 13, as in Fig. 1(h), the point of steepest slope occurs at
Each curve has a vertical width comparable to the eV 7,/T~1. In Ref. 4, the peak separaticE was plotted ver-
uncertainties of the measured and model values. Both curvesiswr;, again yielding a curve with a shape similar to Fig.
are smooth. The gaps between data seen in Fig. 10 are neaily(a). The point of steepest slope, observedat~ 2, also
all filled in, except for one gap in an uninteresting regionagrees. In one experimental stuiya plot of measured val-
near 7;/T=0.02. With the gaps filled, one can see moreues of AE versusr /T has a similar slope to that of Fig.
clearly how the model tends to overestimaid in the  11(a), but its position is shifted horizontally. Presumably,
middle of the plot, atr;/T~0.2, and underestimat&®E at  those data are shifted because the ion current derdsity,
higher values, neat;/T~2. was not measured in that study. Instead, only a rough esti-
The collapse ofAE onto a single curve indicates that mate for J,, based on measurements made in another
AE depends only on the ratig, /T, not on the individual plasma reactor, was used. In another experirfiebangmuir
variables likem; and J.. that make upr;/T. Furthermore, probe measurements of electron density were used to define
according to Eq(15), changes im; andJ, only affect7;/T  jon transit times to generate a plot of measured IED width
by causing a multiplicative shift in the frequency scale. Thusversus /7;)2. That plot appears to disagree with Fig(d)1
plots of AE vs log frequency for different ion masses shouldbut it is hard to say for sure, since the equations that define
all have the same shape and be shn‘ted horizontally by am that study were not completely specified. A subsequent
amount that varies according t 2, as can be verified by ~analysid? of those data shows them to be in agreement.
examining the original data in Fig. 10 Similarly, if the only Several models are simple enough to predict an analytic
effect of changing the source power is a changé.in then  relation betweerAE and 7,/T. In Fig. 11(b), we compare
values for AE at different powers should have the samethese analytic relations to the data from Fig(al1Simplest
shape but be displaced horizontally by an amount that variesf all are low frequency models, which predict a constant
ale2 This too can be verified by comparing the original AE,
data in Fig. 10a), whereJ, =1.3 mA/cnt, to Fig. 1ab),
wherelJ., g2.3 mA/cnf. ¥ AE=eVip, (18)
In a previous experiment, AE versus frequency curves which is plotted as the horizontal dotted line in Fig()1
of different ions were shifted by an amount proportional toThis equation is fairly accurate for;/T below about 0.1.
the inversdourth root of ion mass. There is no contradiction, There, measured values &E are seen to be rather indepen-
however, since that study did not compare different ions irdent of 7, /T. At 7;/T>0.1, however, measuretlE values
the same discharge, but instead compared ions in differemapidly fall away from Eq(18). The ranger;/T<0.1 where
gasedat constand. ). The rare gases used in that study eachEq. (18) is valid roughly corresponds to frequenciés 1
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MHz. This range is comparable to the ranges where low- A final analytic equation foAE can be obtained using
frequency behavior was observed in previous experiments ithe “effective potential” method of Ref. 9. For each ionic
low-density?? and high-densitif argon discharges. species, an effective potentid¥;;, can be defined by the
Even at the lowest values af/T in Fig. 11(b), the mea- equation
surements fall about 2 eV below E(.8), because Eq.18) _
does not account for broadening effects. IEDs predicted by Nil o=~ wi(xg) (Vi=V). (23
models usually fall vertically to zero at their minimum and This equation states thaf; is a damped version of the true
maximum energies, as shown in Figay producing peaks potential,V, and the characteristic frequency of the damping
with a very asymmetric, triangular shape. When these asynis just the ion plasma frequencay, , which we have chosen
metric peaks are broadened, the maxima are shifted inwar® evaluate at the Bohm pointg, as in Eq.(17). Each ion is
[again, see Fig.(4)] resulting in a decrease iAE. assumed to be in equilibrium wittf;, and thusAE is equal
A second analytic equation faxE, derived for high rf  to the peak-to-peak amplitude @f. For sinusoidaV(t), we
bias frequencies, has been reported in several papéts. solve Eq.(23) for V;(t) and use Eqs15) and(17) to obtain

Assuming a sinusoidal sheath voltage, AE=evpp{1+[w/wi(x3)]2}‘l/2
V=VotVisinat, 19 — eV, [1+(2.257/T)2] 12 (24)
they obtain A result nearly identical to this equation has been obtained
AE=(8eV,/3wd)(2eV,/m;,)*?, (200 by Charleset al. (Eq. 18 of Ref. 4 from an analytical fit of

numerical model results.

In Fig. 11, Eq.(24) is plotted as a solid curve. The curve
agrees rather well wittAE measurements over the entire
AE=(4eVy/m)(7IT) t=(2eVy,/m)(7/T)"*. (21)  range ofw/w;. In the low frequency limitw/w;<1, Eq.

Substituting the peak-to-peak sheath voltagg,=2V,, and (24) approaches Eq(18). Like Eq. (18), Eq. (24) slightly

whered is the sheath width. Kawamuet al® further sim-
plify this equation to obtain

7, from Eq. (14), overestimatesAE for_the lowest frequencies because of
. broadening effects discussed above. In the high-frequency
AE=(2eVpp/m)(7i/T) limit, w/w;>1, Eq.(24) becomes\E = eV,,w; /o, which is
:(e/,ﬂ)(zern*)lm(JJr/mi80)1/2\/pp3/4f71. 22) identical to Eq.(22), except for a constant multiplicative

factor. Comparison of Figs. 1d) and 11b) shows that Eq.
This equation is plotted as a dashed curve in Figbjl1  (24) provides predictions foAE over the entire frequency
Agreement with measurements is fairly good f@fT>1.  range, fromw/w;<1 to w/w;>1, that are nearly as accurate
There, measured values &E do vary roughly as£;/T) ™!, as the numerical sheath model. The effective potential model
as Eq.(22) predicts. At7;/T<1, however, Eq(22) rapidly  does not, however, account for the time-variation in ion cur-
diverges from the measurements. The rangd>1 where  rent and its effect on peak intensities and average ion ener-

Eq. (22) is valid roughly corresponds to frequencies greatefgies. For those parameters, the numerical sheath model
than 10-20 MHz. Experiments in capacitively coupled dis-yields more accurate predictions.

charges have also confirmed the inverse dependenad=of
on frequency in Eq920)—(22) over a comparable frequency
range,f=20 MHz*

Equation (22) predicts thatAE is proportional to the By combining ion energy measurements with capacitive
inverse square root of the ion mass. This 12 dependence probe measurements of sheath voltage and Faraday cup mea-
has been observed experimentally in low density dischargesurements of total ion current density, rigorous tests of model
at frequencies of 13.56 MHZ?3 and 65 MHZz* Close ex-  predictions for ion energy distributions have been performed.
amination of theAE measurements in Fig. 10 shows that The numerical sheath model tested here was found to give
they also roughly follow thisAEocmi_”2 dependence, but accurate predictions for ion energy distributions and their
only at frequencies greater than 10-20 MHz, i.e.7dlT  dependence on rf bias frequency, sheath voltage, ion current
>1. Below 10-20 MHz, the dependence ®E on m; be-  density, and ion mass. Only a few rather unimportant differ-
comes weaker until, at 1 MHz and beloWE becomes es- ences between model and measured IEDs were seen.
sentially independent of ion mass. At some intermediate fre- Measured IEDs as well as model IEDs show three dif-
guencies between 1 and 10 MHXE for the heavier ions ferent types of behavior over different ranges of frequency or
still roughly obey Eq(22), but the lighter ions do not. Simi- of 7,/T, the ratio of ion transit time to rf bias period. At
lar results were observed in an Apfeg/O, discharge with rf  frequencies below about 1 MHz, wherg/T<0.1, the ions
bias at 2 MHz, where theni_l’2 dependence was observed can be considered to cross the sheath instantaneously. Within
for heavier ions, but a weaker dependence was seen fahis low-frequency range, the ion energy distributions do not
lighter ions!® Sometimes, if a mass spectrometer is notdepend on total ion current density or ion mass; they depend
available, an assumexﬁlEocmi‘”2 dependence is used to only on the sheath voltage wave form. Two peaks are ob-
identify the ionic species that contribute to each peak irserved in the distributions. Except for small shifts due to
mass-integrated IEDS:*! But this practice is only recom- broadening effects, the peak energies are equaMg, and
mended atf>10 MHz or 7,/T>1, where theAExm, Y2 eV, and the width of the IED is equal teVy,, where
relation is valid. Viins Viax, andVp, are the minimum, maximum, and peak-

VI. CONCLUSIONS
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