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Doppler spectroscopic measurements of sheath ion velocities
in radio-frequency plasmas

B. K. Woodcock,® J. R. Busby,” T. G. M. Freegarde,” and G. Hancock
Physical and Theoretical Chemistry Laboratory, South Parks Road, Oxford OX1 3QZ, United Kingdom

(Received 23 September 1996; accepted for publication 28 Octobej 1996

We have measured the distributions of kn velocity components parallel and perpendicular to the
electrode in the sheath of a radio-frequency nitrogen reactive ion etching discharge, using pulsed
laser-induced fluorescence. Parallel to the electrode, the ions have throughout a thermal distribution
that is found to be consistent with the rotational temperature of 355 K. In the perpendicular
direction, we see clearly the acceleration of the ions towards the electrode, and our results agree well
with theoretical predictions although an unexpected peak of unaccelerated ions persists. We have
also determined the absolute ion concentrations in the sheath, which we have calibrated by
analyzing the decay in laser-induced fluorescence in the plasma bulk after discharge extinction. At
20 mTorr, the bulk concentration of 2A0° cm™3 falls to around 2 16 cm™3 at 2 mm from

the electrode. ©1997 American Institute of Physids$s0021-897€07)05703-4

I. INTRODUCTION tron cyclotron resonancé&!'~* and helicon®!® plasma
chambers for velocity distribution measurements of ground
The accelerating field of the sheath surrounding an obstate N ions’® as well as metastable Arand CI' ions'~*¢
ject in a rf plasma results in a uniform, fast, directed flux ofIn contrast, our measurements are on the domifgnoiund-
positive ions that may be used to etch semiconductor waferstatg ionic species in the sheath of a radio frequency plasma,
or to implant surface-hardening species. In both cases the icat concentrations down to a few times®16m 3.
velocity distributions, which depend upon the reactor geom-
etry,.pressure., rf power and gas mixture, determine the_ Pr9i EXPERIMENT
cessing effectiveness and the nature and extent of detrimen-
tal, secondary effects; for semiconductor etching, the flux  Our experimental arrangement is shown in Figure 1. We
collimation defines the sharpness of the etched edge, antbe a capacitatively coupled discharge in a Plasmatech
hence the achievable device density. RIE80 parallel-plate chamber that we drive at 13.56 MHz
Many studies have been made of such systems usingnd through which we maintain a constant flow of nitrogen.
retarding field analysis and mass spectrometry to determinéhe chamber is composed of a grounded upper electrode 28
the distributions and fluxesSuch methods are well devel- cm in diameter and a driven lower electrode of 24 cm that is
oped but tend to perturb the plasma and can only measure atirrounded by a base plate thus increasing the effective area
the electrode surfaces. Optical emission spectroscopy allowdf the grounded electrode to 2.5 times that of the driven
a noninvasive one-dimensional measurement of the velocitglectrode. The upper and lower electrodes are 55 mm apart
distribution? but suffers from poor spatial localization. If a and separated by a borosilicate glass cylinder, to which we
laser is used to excite the fluorescing population, howeve[have added several fused silica windows for horizontal opti-
the sample is spatially defined by the overlap of the lasefal access. The electrode parts are all of anodized alu-
beam and imaged area, and the correlation between excitginium, and are water cooled to around 15 °C; a narrow port
tion and fluorescence provides useful discrimination againdf! the center of the upper electrode allows a laser beam to be
plasma excitation. Laser-induced fluoresceid€) is there- ~ sent perpendicularly to the driven electrode. Radio frequency
fore a powerful technique for measuring species concentra?OWwer is supplied through a dc blocking capacitor, and may
tions and lifetimes, velocity distributions, gas temperatured€ switched with rise and fall times below 3@s. Nitrogen

and electric field strengths?® Spatially resolved velocity dis- 9as enters through an array of small holes in the ground
tributions have also been measured using Ramaflectrode, and the residence time at 20 mTorr is some 60 ms;

spectroscopy’® a wire mesh “dark space shield” around the pump orifice

In this article we report measurements of ground stat€onfines the plasma to the reaction vessel.
N; ion velocity distributions within the sheath of a capaci- ~ Our light source is a Lambda Physik LPD3002E dye
tatively coupled nitrogen plasma using the technique of@Ser, pumped by an EMG201IMSC XeCl excimer laser and
Doppler-resolved LIF. Such experiments have previoushyfféquency doubled in a crystal of KDP to give 2Q0J

measured profiles for metastable species in plasmas @ulses of around 10 ns at 330 nm and 20 Hz. The linewidth
argon,” and similar techniques have been applied in elecOf the ultraviolet radiation may be reduced from 0.4 ém

to about 0.08 cm? by the inclusion of an intracavitytalon

which lowers the pulse energy by a factor of 2. The
dPresent address: B. P. Chemicals Ltd., Poplar House, Chertsey Roag,xG mm laser beam is directed into the plasma chamber
Sunbury-on-Thames, Middlesex, U.K.

bpresent address: Department of Chemistry, University of York, York, U.k.through either_the vertical port or one of the horizontal
©Electronic mail: timf@physchem.ox.ac.uk ports, depending upon the velocity component to be
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is dominated by the time-averaged laser linewidths of around
—| Exeimer laser | — 0.4 cm ' and 0.08 cm? respectively without and with the
intracavity ‘@alon, and that saturation does not have a signifi-
cant effect.

DL912
Ill. ION CONCENTRATION MEASUREMENTS
A A . .
} (}>"ﬁ:l4 Although laser induced fluorescence provides an excel-
A Y Photo- lent noninvasive method for the relative measurement of ion
Jher - MIPET - concentrations within a plasma, it must be calibrated if ab-
0.1nm solute values are required. In order to determine the absolute

N, ion concentration, we study the fall in LIF signal after
FIG. 1. Schematic diagram showing the experimental arrangement. Thg’]e rf power sustaining the discharge has been S_WItChed off.
laser beam is shown entering vertically, perpendicular to the driven elecThree processes determine the evolution of the ion concen-
trode. tration in the afterglow, and in the absence of well-
determined rate constants, we have carried out an extensive
study'® to establish a good calibration point.
measured, and excites the (R component of the For our typical gxperimental conditions, .thelloss of N
B2 *(p'=2) X25 " (p"=0) transition in  Perpen- lons shows_ appro_X|mat'er second-o.rde.r kinetic behavior,
u ( ) o ( ) N P corresponding to dissociative recombination
kl’
Ny +e~ —— N¥ —=N+N, (1)

dicular fluorescence at 458.8 nm to thé=4 level is re-
corded by a photomultiplier through a horizontal port. A
narrow-band filter, transmitting 458t8).1 nm, restricts de-
tection to around the @®) line, and our imaging system se- where reported values of the rate constdqgt are in
lects a region approximately 2 mm high, which is a compro-the range 1-%10"7 cnts !; we assume a vald® of
mise between spatial resolution and signal strength. Th&.3x10 ' cm’s 1. Nj is the dominant ion in a plasma of
photomultiplier signal is then processed by a Datalab DL91N, under our conditiorfd and thus its concentration is close
transient digitizer that acts as a gated detector to remove the that of the electrons. If the loss of,Nafter plasma extinc-
strong plasma emission background signal. The pulse enerdipn is dominated by proces$), then providing that the rate
is monitored by a photodiode and shot-to-shot variations areonstanik, is known, the decay can be analyzed to yield the
corrected assuming a linear relation between pulse energpitial N; concentratiorf:?1:2?

and signal. Correction is also made for the experimentally At high pressures, the loss of;Nions is modified by

measured position-dependent collection efficiency. association of the ion with neutral,Niccording to the reac-
The experimental arrangement therefore resembles théibn

of Goeckneret al,’ and suffers from a similarly poor signal- Ka kg No]

to-noise ratio. Within the sheath region, we expect to detect N2*+ Nz:(NI)* - NZ . 2

only one fluorescence photon per laser pulse against the kg

bright plasma emission background, and we therefore averé | fow T herde.s kN qf
age several thousand shots per data point. elow a few Torr where;>k{N,], and for a constant con-

At our intensities, a monochromatic laser would saturatec_entration of neutr*al_ molec_qla_r nitrogen and with the transi-
the electronic transition, exciting the ion in a period shorter!on cOmplex (N)* in equilibrium, the rate of loss of N
than both its natural lifetime and the laser pulse length and"@®y Pe descnbetzj by a pzseudo-ﬁrst?order rate coefficient
leaving the ion population equally distributed between the<t = (Kaks/Ka)[N2]1"=Ks[N,]” whereks is the termolecular
ground and excited states, thus yielding a constant fluoredate coefficient. N also provides a route for the loss of
cence rate of half a photon per ion per pulse. Because thgctrons from :he plasma
spectral and spatial extents for saturation increase with inten- v, - ! *
sity, however, the total signal would still be intensity depen- Ny +e Na =Nz N ©)
dent. The effective intensity of a nonmonochromatic laserand the rate constefitk, is around 2107 cm® s71,
seen by a given ion is that which lies within the power- At low pressures, and particularly in the large ion con-
broadened interaction line shape, which itself depends upocentration gradients in the plasma sheath region, diffusion to
the effective intensity, and the experimental resolution andhe walls and electrodes is significant and may be described
signal saturation thus depend upon the coherence propertiby
of the laser. Goeckner and Gotédave modelled the satu-
ration of pulsed laser-induced fluorescence assuming a fixed
Gaussian laser line shape, but our laser spectrum is unfortwvhere the ambipolar diffusion coefficierD, has been
nately observed to be composed of a few sharp modes, andgsverf! as 220 cri s ‘Torr. Electrons and N ions are as-
Gaussian only when averaged over a number of pulses. Sinseimed to behave similarly.
our measurements show no broadening with increasing laser To calibrate our LIF measurements, we have therefore
energy, however, we conclude empirically that our resolutiormeasured the loss of Nin the plasma bulk after extinction

d[N; 1/at=D,V?[N; ], 4

5946 J. Appl. Phys., Vol. 81, No. 9, 1 May 1997 Woodcock et al.



—e—
-
(=]

o
©

o
o

x15

LIF INTENSITY (arb. units)

\

N,” CONCENTRATION /10" cm®

040  -020 0.00 020 040 s 10 15
WAVENUMBER / cm HEIGHT ABOVE ELECTRODE / mm

o
=)

o

FIG. 2. Doppler profile measured parallel to and 10 mm above the drive

electrode at a pressure of 20 mTorr. A Doppler shift of 0.1 troorre- r]:IG. 3. Variation in N ion concentration with height above the driven

: — . electrode, derived from measurements of the total LIF intensity. Points are
sponds to a velocity component of 1000 mtsThe data were fitted to a d (* el dicular to the electrod d the latt
double Gaussian distribution with the separation expected for the two sp“[lneasgrek ( )_ ptara € Iand:() (§>e<r>pep |§:u ar to the f ebc r?tt'e’ an G € latier
components of the ®) line. The total ion concentration isx710° cm™3. Were broken in 0[0) slow an (©) fast components by fitting a aussian

line shape to the zero velocity peak. Parallel measurements were calibrated
absolutely by measuring the decay in LIF signal after switching off the
. . discharge; perpendicular measurements are normalized to give the same
at pressures of 20, 100 and 500 mTewith a supplied signal 15 mm above the electrode.

power of 200 W but an effective electrode area ratio pf 5

and have compared these results with computer simulations.

In each case, we have allowed the various rate coefficients i@ overall intensity, and thus signal-to-noise ratio, as the
float within the range of reported values, and we derive &lectrode is approached. Variations in laser bandwidth dur-
self-consistent set of data which agrees well with the obing the experiment make a precise determination of the par-
served variation in LIF signal between the three pressures. Adllel velocity distribution impossible, but all our Doppler
500 mTorr, ion-neutral associatiof®) is significant and profiles measured parallel to the electrode are consistent with
indicates a termolecular rate coefficientk;=1.1  our measured rotational temperature in the plasma bulk of
X 10" 2° cmP 571, in reasonable agreement with that found 355+ 15 K, suggesting that, although the plasma is never
by Bohmeet al?® At 20 mTorr, diffusion is important and equilibrated overall, the translational and rotational degrees
we find that a value oD,=310 cn? s Torr must be as- of freedom in N achieve local thermal equilibrium at least
sumed. At 100 mTorr, both processes are apparent although the plasma bulk. The ion concentration derived from these
dissociative recombinatiofil) dominates. For 20, 100 and parallel measurements is shown as a function of height above
500 mTorr, we derive initial Bl ion concentrations of the driven electrode by the (*) symbols in Figure 3; as can
1.0x10% 2.7+0.5x 100 and 1.2+ 0.2x 10 cm3, which  be seen, the LIF intensity drops by a factor of 50 in the
are in the ratio 1:2.7:12. The corresponding LIF signals weregheath.

in the ratio 1:2.7:10, and we thus have confidence in our Measurements of the velocity components perpendicular
measurement of an ion concentration of to the electrode are shown in Figure 4 for various heights
2.0+ 0.4x10° cm™3 at 100 mTorr with the smaller elec- above the electrode, and there is a clear change in the ion
trode area ratio of 2.5. The LIF data presented in this articleelocity distribution as the electrode is approached. In the
are calibrated using this value, which corresponds to an ionPlasma bulk, 15 mm from the electrode, the distribution is

ization ratio of 6x 1076, symmetric, with a width of a few hundred m% consistent
with the rotational temperature of 355 K and the parallel
IV. RESULTS velocity distribution of Figure 2. By 9 mm from the electrode

) ) we see a definite asymmetry and, as the electrode is ap-
Our experiments were carried out at a pressure of 2Qyq4ched, the broadening distribution shows the ions accel-
mTorr, flow rate of 50 sccm and nominal rf power of 2030 W. erating towards the electrode, although a strong component
The N; ion density in the plasma bulk is 20 cm” » remains unexpectedly around zero velocity. The variation in
and such conditions provide the thickest and most collisionghe total (perpendicular signal with height above the elec-
free sheath for which the LIF signal is adequate. trode is shown by the@) symbols in Figure 3, and to aid
Figure 2 shows the Doppler-broadened line shape megne following analysis, we have separated this into fast

sured parallel to the electrode just inside the sheath using trt%) and slow (J) components by fitting a Gaussian line
etalon-narrowed laser. The 0.17 chspin splitting of the shape to the zero velocity component.

R(6) v'=2«<0v"=0 line is clearly resolved, and the under-

lying linewidth of 0.13 cm* represents roughly equal con-

tributions from the laser bandwidth and the ion velocity dis-
tribution. Similar profiles are measured in the plasma bulk  For comparison, we have modelled the ion velocity dis-
and at other positions within the sheath, showing only a falkribution using a Monte-Carlo simulation of the she#tfihe

V. MODELING
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erly. Gerassimotet al* have considered, and dismissed, a
. o s nu+mber of effects that might reduce the Iifetimg of excited

1 2 & ] N, near the electrode surface, some of which might create a
real population of slow ions. We have also considered the
09 ] possibility of formation by charge exchange, but for an effect
of this magnitude we require cross sections that are consid-
erably larger at low energies than our extrapolated values
would suggest. If such processes in fact occur, then the flux
to the surface of fast neutral nitrogen molecules will be con-
6mm ? 4mm siderable and will need to be considered in any models of
materials processing.

From the variation of signal strength with laser intensity,
which we find to be roughly linear, we can exclude nonlinear
processes such as the multiphoton generation oidws by
the laser pulse itself. We are unable, however, to dismiss
completely the possibility that laser-induced fluorescence

FIG. 4. Measuredpointg and predictedlines) relative ion densities as a from the plasma bulk through which the vertical laser beam
function of velocity component perpendicular to the electrode surface at 9, h ’ d | | bl
8, 6 and 4 mm above the driven electrode and at a pressure of 20 mTorr. THEIUSt OT COUrse pass, enters our detector at a level comparable

total ion concentrations are respectively 4.6, 3.9, 3.0 anck 288 cm~3  with the real signal from the more rarified plasma sheath, and
ar_)d the curves are plotted in the same relative units. The_laser_ was usege note that the cylindrical glass surround to our plasma
Yglrt]t;c;l;trghs%ﬁgn for these measurements, and hence the spin splitting is N&hamber will image such fluorescence back onto the same
' axis. Nonetheless, tests of the imaging selectivity would ap-

pear to eliminate such a mechanism.

model derives the plasma potential and hence the time- A convincing indication that such slow ions indeed exist

varying sheath voltage from the driven-to-grounded elec!" the sheath is given by the curves of Figure 3, which show

trode area ratio, the measured dc bias and the electron terffi€ total LIF signal as a function of height above the elec-
perature, which we assuffdo be 2 eV and upon which the trode for measurements both parallel and perpendicular to
model is not strongly dependent. The measured dc bias undH€ electrode, normalized to their values at 15 mm. The total
the conditions of Figure 4 was 255 V. We should also defind-'F Signal should simply be proportional to the ion concen-
the sheath thickness, which in practice we leave as a freition at that position, and we see good agreement between
parameter and adjust to achieve the best agreement betwel§ WO curves provided that the full measured perpendicular
the predicted and observed velocity distributions. The fitted;elﬁc'ty ((jj|str|but|on, '”C'“dg‘g theﬂslow |orr]1$, IS cof_ns(;dired.
velocity profiles yielded a sheath thickness of 14 mm; undef' these data are converted into fluxes, then we find that to

roughly similar conditions, we estimated the sheath thicknes&“"t_hln experimental precision the ion flux is the same at each

both visually and from the measured variation in ion concenl1€ight. Our measurements of concentration areé more sensi-

tration to be 12.5 0.5mm. Eve to slow T]pedciefsfthar\]n a(rjg meas_urerﬂents_ qf fll;x,hbult we
Our simulation begins by calculating the time-varying @€ N0 method of further diagnosing the origin of the low

sheath electric field, using the analysis of S@igl?® and velocity peak. , _ . .
assuming steady-state solutions at ediche-varying sheath The most plausible physical explanation for such a dis-

voltage and a collisionless form of the Child-Langmuir po- tribution is the ionization of slow neutrals by impact vyith
tential. lons are then introduced with thermal velocities imoelectrons produced at the electrode by secondary emission,

the sheath at random phases of the rf cycle, and theff® has been suggested by Goecletaal ™ The perturbation
progress through the sheath is calculated at time steps of & plasma'processes by effects 4re|ated to the e'if”"de has
ns. The model takes account of symmetric charge exchang%een considered by Gerassirioal." and Olthoffet al.™ The
and elastic scattering between, nd N, using reported urther investigation of these processes is beypnd our pres_ent
energy-dependent cross sectfné® down to 20 eV: ex- apparatus, but should shortly be possible with new equip-

trapolated values are used for lower energies. ment currently being constructed.

The structured distributions thus produced are then inte-
grated over a range of frequencies and positions to match tHfeCKNOWLEDGMENTS
limited experimental spatial and spectral resolution. The re-  The authors wish to thank the U. K. Engineering and
sults are shown as the lines in Figure 4. In order to comparehysical Sciences Research Council for support during the
the forms of the experimental and computed curves, we havgourse of this work?
scaled the data vertically by a factor within the experimental
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