Investigations in the sheath region of a radio frequency biased inductively
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Temporally and spatially resolved optical emission, as well as Langmuir and electric probe
measurements, were used to investigate the effects of radio freqrénisiasing near an electrode

in an inductively coupled plasma cell. The plasma source is a modification of the Gaseous
Electronics Conference rf Reference Cell. Emission from the atomic argon 750.387 nm transition
was observed. With the lower electrode grounded, the optical emission did not exhibit any rf
modulations. However, for a constant rf bias power of 9 W at frequencies from 1.695 to 33.9 MHz
applied to the lower electrode, various waveforms were observed in the temporal evolution of the
optical emission near the electrode as well as in the bulk plasma. Also, for pressures between 0.67
and 13.3 Pa of argon and a rf powdr®W at afrequency of 2.712 MHz, the oscillations in the
optical emission near the biased electrode showed the presheath/sheath region rapidly shrinking
with increasing pressure. The dc sheath voltage drop, determined from Langmuir and electric probe
measurements, did not exhibit a dependence on the applied rf frequency, but varied nearly linearly
with the ratio of the bias power to the power dissipated in the plasmal9@8 American Vacuum
Society[S0734-210098)00301-7

[. INTRODUCTION A Langmuir probe was used to measure the dc component
] . ) of the plasma potential of the bulk plasma. Since the dc
~ The future requirement to achieve high throughput andyasma potential is related to the energy that the ions gain in
yield for the fabrication of semiconductor devices with criti- the gheath region, this can be used with additional electrical
cal dimensions< 0.25 um will require plasma processing measurements to determine the mean energy of ions imping-
tools delivering high plasma densities and controllable i0Nng on the lower electrode. The ion energy distribution
energy distributions at low pressures. These characteristiC@EDF) of a planar ICP source with grounded lower electrode
are essential to achieve highly anisotropic features, etch s¢qs peen measured by Hopwdbidortshagen and Zethotf
lectivity and minimize substrate damage. This limits the Us€yng for an ICP identical to our ICP source by Woodworth
of cgpacitively coupled_ dischgrge_s because it i_s not pos;iblgnd co-workeré. In pure argon, rather simple IEDFs were
to simultaneously attain low ion impact energies and highyhserved, with just one relatively narrow profile, the peak of
plasma dgnsmes at sufﬂmgntly low pressures. The develogyhich is well separated from zero energy. The mean energy
ment of high plasma density>( 110" cm ), low pres-  of this IEDF was nearly equal to the plasma potential in the
sure (< 10 Pa sources has been accomplished with the usg, |k plasma with typical values between 20 and 30 eV which
of electron cyclotron resonand&CR), h?hgon waves and jncreased with decreasing pressure. The simple structure of
planar inductively coupled plasm&CpPs.™™ the IEDF in this ICP compared to a capacitively coupled
We will degcnbe expenmen_tal obse_rvgno_ns of the tempO-ischarge is due to the lower pressure in ICPs and the small
rally and spatially resolved optical emission in the presheath{heaih thickness which results in a fast sheath transition time
sheath plasma region, as well as electric and Langmuir probgiih no collisions. IEDF measurements with the ion energy

measurements in a planar ICP source with an independently,ayzer beneath a biased lower electrode are difficult and
biased lower electrode. The variation of the input power to,5ve not yet been reported for a planar ICP.

the inductor coil demonstrates the possible independent con-
trol of ion flux and the radio frequencyrf) biasing of the
lower electrode illustrates control of the ion energy to the
substrate surface.

The temporally and spatially resolved optical emissionll. EXPERIMENTAL APPARATUS
measurements were made in the presheath/sheath region ngay
the lower electrode in the ICP. These measurements were
done by applying a variable rf voltage at various frequencies The ICP cell used as the plasma source in these experi-
to the lower electrode. The sheath was estimated to bE€ents is a modified Gaseous Electronics Confer¢@C)
smaller than our optical resolution, so only the presheattif Reference Celf*? (see Fig. 1 The cylindrical vacuum

nductively coupled cell description

region is reso|ved in our measurements. chamber is constructed of stainless steel with e|ghtrad|a|
copper-gasketed flanges centered at the chamber midplane.

dpermanent address: Miami University, Oxford, Ohio 45056. Two of them are 203 mm diam flanges fitted with 136 mm

YElectronic mail: james.roberts@nist.gov diam quartz windows for optical emission spectroscopy
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at the outer, grounded lead by an inductively coupled probe,
also calibrated with reference to a commercial current probe.
A matching network is employed with the coil and consists
of two variable air-dielectric capacitors and several fixed ca-
pacitors. They are connected directly to the coil to minimize

\! !\ resistive losse¥’ The variable capacitors were adjusted for
}'\\ ﬁ '/ minimum reflected power for each plasma condition by
ZllZ 2\ monitoring with a rf power meter. Data were taken with

respect to the plasma power, the power dissipated in the
plasma,Pgys, rather than the total input power. This was
done since the total input power may depend on external
parameters, such as the characteristics of the induction coil,
matching circuit, and transmission line. The valuePgf; is
obtained from a measurement of the total power from the
supply by a power meteRj,,,;, minus thel 2R power loss

in the coil;**°i.e., Pyis= Pinpu— 1 ?Ret -

The lower electrode was biased with frequencies ranging
from 1.695—-33.9 MHz using a rf signal generator and a rf
power amplifier. For frequencies below 20 MHz, a blocking
capacitor was inserted between the power amplifier and the
lower electrode which allows a dc self-bias to develop on the
electrode. Commercial voltage and current probes were lo-
cated at the power leads to the lower electrode. The value of
the bias power dissipated in the plasma is calculated by
means of a circuit parameter motfednd the measured volt-
age, current, and phase of the rf power applied to the elec-
trode leads. For all experiments, the bias frequencies used

Svere only multiples and fractional multiples of 13.56 MHz
because of restrictions within the electrical circuit model. As
the frequency increased, while maintaining a constant power
dissipation into the plasma, the amount of reflected power
(OES observations. This allows the emission from the dis-from the cell rapidly increased. Therefore, the blocking ca-

charge to be observed throughout the ultraviolet, visible anghacitor was replaced with a matching network to minimize
infrared regions of the spectrum. the reflected power for frequencies above 20 MHz. If the

The power was induced into the chamber by a five-turnrmatching network was not utilized, the voltage waveform
planar coil based on the design of Millet al!® The coil is  became strongly perturbed with odd harmorfisstween~
100 mm in outer diameter, 1.aH in inductance, and is 90 and 100 MHZ of the fundamental bias frequency. When
made of 3 mm diam copper tubing. It is held rigidly in place this occurred, the plasma seemed to occupy the entire
and is electrostatically shielded from the plasma by a radiallwacuum chamber and created a large amount of rf electrical
spoked patterned brass fofl The coil is separated from the noise in the time-resolved optical emission spectroscopy
plasma by a 10-mm-thick quartz vacuum plate, an electrofTROES detection apparatus.
static shield, and a 3-mm-thick quartz insulator. The spacing
between the quartz vacuum interface and the lower electrode
is 41 mm. The lower electrodes ia 3 mmthick, 160 mm
diam stainless steel plate which can be biased by a variab

frequency signal generator and a rf power amplifier.

The gas is introduced into the chamber through one of The light collection optics, monochromator, and data re-
four, 70 mm diam ports, 45° to the OES ports. The pressureording systems used for the OES are schematically repre-
and flow rate are maintained by a variable conductance valveented in Fig. 2 and are described in a previous refertnce.
and the turbomolecular pump speed. The other three 70 midlirrors M2 and M3 form a periscope which is used to ver-
flanges are used to mount pressure transducers, probes, dtcally scan the observation region within the plasma. The
Two additional ports, orthogonal to the OES ports, are 15@ntire optical apparatus is mounted on a movable table which
mm diam flanges to accommodate the turbomolecular pummllows for horizontal scanning of the plasma emissions. The
ion energy mass spectrometry probes, electric probes, arfidcusing mirror M4 creates a 1:2 image of the bfh spec-
Langmuir probes. trometer entrance slit in the plasma. The periscope rotates the

The coil voltage is measured by a capacitive voltagemage of the slit so that its long dimension is parallel to the
probe, calibratedwithout plasma with reference to a com- biased electrode. The vertical spatial resolution was con-
mercial resistive voltage probe. The coil current is monitoredrolled by the apertures. Two types of apertures where used:

\S>4

w /'

Fic. 1. Cross sectional diagram of the ICP cell. The large circle at the cent
of the diagram represents the position of TROES viewport.

Ig Optical emission spectroscopy
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i 13.56 MHz
Matching RF Power
Network Supply

from the biased electrode over the narrow observation region
of < 2 mm. As a result, due to the nonlocal nature of the

e Neutral Density l electron energy distribution functiofEEDF in this type of
Fi""‘ \ ¢"'0> T ICP"1320 there should not be a significant change in the
specromete pml]“"‘"l“‘“' Vol & Turn Coil EEDF as a function of position, and therefore, changes in the
i Quartz Vecuum Electrostatio Shield high energy electron density should be indicative of what is
" () Plasma occuring to the total electron density. In the presheath region
Biased Electrode this may no longer hold since there is a potential drop-of
Y Frosmottr [ To/2 (Ref. 21 which may alter the EEDF. Because of the

narrow width of the sheath, stochastic heating of electrons in
the sheath is not significart.

Discriminat: 5 Time-to-Ampiitude i Discriminator Harching Howers
iscriminator Converter
RF Power
Amplifier

+
Multi-Channel RF Signal
Computer Analyzer Generator

Fic. 2. Schematic diagram of experimental layout for time-resolved optical A commercial Langmuir probe assembly was attached to
emissjon spectroscopic measurements. M1, M2, M3,.and M4 are mirrorsy manually operated—y—z manipulator and is mounted to
PMT is a cooled photomultiplier tube for photon counting. one of the 70 mm flanges of the cell chamber. The dc com-
ponent of the plasma potentialy, in the bulk plasma was
measured with a cylindrical probe with a tip radius of 190

a circular 3.6 mm aperture with a vertical spatial resolutionum and a tip length of 6 mm.
of =0.4 mm and 1-mm-wide slit with a vertical spatial reso- The compensation of a Langmuir probe for the rf fluctua-
lution of £0.2 mm. tions of the plasma potential is critical for capacitively

Time-averaged OES measurements were made with a peoupled rf discharge€:?® In this type of discharge the
coammeter to measure the average photomultiplier currenplasma potential as well as the voltage drop in the probe
The picoammeter integrates the current f010.1 s, averag- space-charge sheath are modulated with amplitudes of typi-
ing out any rf fluctuations in the optical emission. Each time-cally tens of volts. The rf plasma potential oscillations in
averaged data point presented in this article represents tH€Ps with a grounded lower electrode are much smaller than
average of five consecutive measurements with the error bans capacitive rf discharges. They should be zero in a per-
determined by the standard deviation of the measurementsfectly electrostatically shielded ICP. In our Langmuir probe

TROES measurements were performed using a time-tahe rf currents are sufficiently suppressed when the lower
amplitude convertefTAC) and a multichannel analyzer electrode is biased between 2.712 and 33.9 MHz by two
(MCA). The start pulse for the TAC is triggered from the rf series inductors, and an additional metallic cylinder to allow
signal generator used to bias the lower electrode. The TA@nambiguous probe characteristics to be interpreted in this
stop pulse is generated by the next photon arriving at thérequency band. The cylinder is capacitively connected to the
photomultiplier from the plasma. The output of the TAC is probe and is in front of the inductors in order to reduce the
accumulated in a MCA. The resulting signal is therefore, thecapacitive impedance between the probe tip and the plasma.
distribution of delay times for the arrival of the next photon. A wire loop probé®?*was used to monitor the peak-to-
This is equivalent to the time-resolved optical emission dispeak rf amplitude of the plasma potential. Value2 V at
tribution as long as the average number of photonsis 1 ~ 13.56 MHz were measured for most operating conditions in
during the time interval being examined. Typically, datathe case where the lower electrode was not biased. This finite
from more tha 3 M photons were collected for each wave- amplitude is due to the residual capacitive coupling from the
form and required from 10 min to over an hour of data ac-coil to the plasma. With a rf biased lower electrode, how-
quisition, depending on the light intensity and the bias fre-ever, the rf amplitudes of the plasma potential are larger and
quency. grow with applied power to amplitudes8 V at Py;,c= 9 W,

The 4s'[1/2]7—4p’[1/2], transition in Ar | with a wave-  since the discharge is now both capacitively and inductively
length of 750.387 nniRef. 18 and a natural lifetime of 21 driven.
ns was used in both the time-averaged and time-resolved Whether the compensation of the probe is sufficient to
OES measurements. The electron excitation energy of théetermine the plasma potential can be determined by observ-
upper state from the ground state is 13.48 eV. For the typicahg the second derivative of the probe characteristit),),
densities and electron temperatures in this ICP plaSrtze whereU, is the voltage applied to the probe. Ideally, when
electron excitation rate from metastable states calculatethe probe potential is varied at values around the plasma
from excitation cross sectiotisis several orders of magni- potential, I"(Up) should have a single maximum and a
tude less than the direct excitation from the ground statesingle minimum close to each oth@The dc component of
Therefore, assuming that the neutral gas density is spatiallthe plasma potential is calculated from the zero crossing of
uniform, the OES monitors the changes in the density othe second derivative. We observed second derivatives with
electrons with energies 13.48 eV. In the bulk plasma the a single maximum and a single minimum for bias frequen-
plasma potential should not significantly vary with distancecies, f,i,s, between 2.712 and 33.9 MHzee Fig. 3, while

F N

C. Langmuir and electric probe description
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Fic. 4. Time-averaged line-of-sight optical emission of the Ar | 750.387 nm

o ~ . transition vs distance above the electrode for a biasggd#2.712 MH2

Fic. 3. Second derivatives of the current-voltage probe characteristics af,q grounded lower electrode pt=1.33 Pa andP.=56 W. The signal
different bias frequenciesPtas=9 W, Pg;s=165 W). does not go to zero for negative distances due to reflected light off the

electrode surface. The error bars indicate the standard deviation of the mea-
surements.

at fias = 1.695 MHz the second derivative showed several

maxima and minima. This indicates that the probe is insuf-

ficiently frequency compensatéd.Under these circum-

stances the determination of the plasma potential from therease in the optical emission. Similarly, the suppression of
zero crossing of”(U,,) can lead to false results. Hence, we optical emission in the bulk plasma is an indication that the
only present results fov,, with f,;,sbetween 2.712 and 33.9 electron density has decreased throughout the plasma. Bias-
MHz. ing with rf at 2.712 and 27.12 MHz and constant power

[ll. EXPERIMENTAL RESULTS

A. Time-averaged and time-resolved optical emission
spectroscopy

The line-of-sight, time-averaged optical emission near the
lower electrode for the grounded and biased cases is show
in Fig. 4. The intensity of the optical emission rapidly in-
creases with distance from the electrode. The small maxi
mum at the electrode edge is caused by a reflection from th
corner of the electrode. Biasing the electrode decreases tl
optical emission throughout the plasma. In order to more
easily identify the presheath/sheath region of the plasma, tF
percent normalized difference of the optical emission with
and without a biased electrode is shown in Fig. 5 for two bias
frequencies. As can be seen from Fig. 5, a region of de
creased optical emission extendd mm from the electrode
surface. The sheath width, based on the Child—Langmuir lav
and other theoretical modéf<®in these types of discharges
is typically only 0.2 mm. Since this is smaller than the spatial
resolution of the optical system, the sheath region observe
is part of the presheath. In the presheath the ions begin to k -30
accelerated toward the electrode, but the ion velocities ar 0 1 2 3
still low enough so that quasineutrality can be maintained ;
The physical dimension of the presheath is determined b, Distance above electrode (mm)
such processes as electron-ion collisions, ion-neutral colli'c. 5. Normalized difference in percef8ige o~ Sigp— o)/ Sige o X 100) of

sions, and geometric factotsAs the ions are accelerated, 1® ime-averaged optical emission witR=9 W) and without Ppas=0
. . . . W) a biased electrode versus distance above the electrqgriela83 Pa and
the ion density must decrease, and due to quasineutrality, the__se w for two bias frequencies. Each error bar is based on the propa-

electron density also decreases, resulting in the observed dgated standard deviation of the original optical emission measurements.

-10

fone = 27.12 MHz

Normalized difference (%)

| ] ) ] )
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Fic. 7. Contour plot of TROES vs time and distance above the lower elec-
trode forfy,s =2.712 MHz atp=1.33 PaPys=56 W andP;,c=9 W. The

and (c) 1.1 mm above the electrode surface, &l the corresponding  corresponding voltage and current waveforms at the electrode surface are
voltage and current waveforms at the electrode surfacg=at.33 Pa,  presented below the contour plot. The vertical spatial resolution (s

Pg4is =56 W andP;,=9 W. The marked vertical percent scales indicate the mm.

corresponding percentage of the time-avera@® signal, which has been

subtracted from the original data.

Fic. 6. TROES vs time fof ,;,c=2.712 MHz at a distance @¢#&) 0.5, (b) 0.7,

This phase shift is particularly noticeable in the contour plot
input, yielded similar spatial dimensions for the presheathpf the TROES oscillations shown in Fig. 7. The TROES data
indicating that the presheath width does not significantly defor Fig. 7 was taken with the 0.2 mm spatial resolution at
pend on the bias frequend€gee Fig. 5. 0.1 mm intervals near the electrode, and at 0.2 mm intervals

The TROES measurements were made with an inputurther into the bulk plasma. A sine wave expansion, includ-
power d 9 W into the plasma from the lower electrode. At ing the fundamental and the next four higher harmonics, has
this power level the plasma source could be operated fobeen fitted to the data after which the dc component has been
long periods(many hour without significant sputtering of subtracted. Black shading and white shading on Fig. 7 cor-
metal onto the quartz vacuum interface. The amplitude of riespond to the regions of minimum and maximum signals,
oscillations in the TROES was typically 10% of the time- respectively. The TROES waveform in the presheath (
averaged signal. In the graphical presentation of the TROES- 0.4 mm) closely follows the voltage waveform applied to
data, the time-averaged component has been subtracted ttee lower electrode. In the bulk plasma, the TROES wave-
emphasize optical emission oscillations, which correlate witform seems more closely related to the inverse of the current
the electron density oscillations. waveform, i.e., the maximum of the current occurs at ap-

Three different types of behavior could be observed as aroximately the same time as the minimum of the TROES
function of the bias frequency. First, at low bias frequenciessignal.
between 1.695 and 5.424 MHz, as seen in Fig. 6, the oscil- Second, Fig. 8 shows typical TROES behavior at interme-
lations in the plasma were relatively large in both the bulkdiate frequencies between 5.424 and 20.34 MHz. The
and presheath regions. There exists a significant phase shifROES oscillation amplitudes are greatly reduced, espe-
in the waveforms between the bulk and presheath regiongially in the bulk plasma. In some cases no bulk oscillations

J. Vac. Sci. Technol. A, Vol. 16, No. 1, Jan/Feb 1998
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Fic. 9. TROES vs time fof ,;,c=33.9 MHz at a distance of 0.&), 0.7 (b),

) 1.1 mm(c) above the electrode surface and the corresponding voltage and
0.7, and(c) 1.1 mm above the electrode surface, &dydthe corresponding . rrent waveforms at the electrode surface, @hdit p=1.33 PapP .= 56
voltage and current waveforms at the electrode surface at 1.33 Pa,  \y and p,,=9 W. The marked vertical percent scales indicate the corre-

Pgis=56 W andP,,s=9 W. The marked vertical percent scales indicate the sponding percentage of the time-averageg) signal, which has been sub-
corresponding percentage of the time-avera@si signal, which has been  acted from the original data.

subtracted from the original data.

Fic. 8. TROES vs time foff,;,c = 8.136 MHz at a distance df) 0.5, (b)

fitted to a sine wave expansion and the dc component was

were observed above our noise levels. Because of the vesubtracted. The same, equally spaced gray scale contours
low signal intensities in this region, accurate measurementaere used on Figs. 10—13 to represent the relative intensify
of the phase shifts between the bulk and presheath were nof the TROES data. Pressures from 0.67 to 13.3 Pa were
possible. chosen to cover the transition from a collisionless to colli-

Third, at higher frequencies between 22.6 and 33.9 MHzsional plasm&®2° The rf power supplied to the coil was
the TROES behavior began to change slightly, as shown imaintained at 100 W. The plasma densities measured with
Fig 9. The amplitude of the oscillations in the bulk plasmathe Langmuir probe varied from>510'° cm 2 to an esti-
have begun to increase. In this region, there is no phase shiftated 8&10'* cm 3. The lower electrode was biased at a
between the bulk and presheath regions of the plasma. Thefiequency of 2.712 MHz with a constant power of 9 W.
exists a systematic uncertainty 6fL0 ns between the timing Under these conditions the voltage across the sheath, deter-
of the TROES and electrical waveforms. mined from Langmuir probe and electrical data, decreased

Figures 10-13, show the effects of changing pressure ofrom 39 to 30 V as the pressure increased from 0.67 to 2.66
the TROES signal. In Figs. 10—13, the corresponding voltag®a. The sheath voltage for 13.3 Pa could not be determined
and current waveforms at the electrode surface are presentsihce the plasma density was too high to operate the Lang-
below the contour plot. The TROES data for Figs. 10—13muir probe.
were taken with a vertical spatial resolution ©#f0.4 at 0.1 The TROES data represented in Figs. 10-13 clearly
mm intervals near the electrode and at 0.2 mm intervals furshows that the width of the presheath shrinks with increasing
ther into the bulk plasma. Similar to Fig. 7, the data werepressure. In addition, the oscillations in the bulk for 13.3 Pa

JVST A - Vacuum, Surfaces, and Films
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Fic. 10. Contour plot of TROES vs time and distance above the lowerFic. 11. Contour plot of TROES vs time and distance above the lower
electrode ap=0.67 Pa, forPys=54 W, f,;,c=2.712 MHz.P,,=9 W and  electrode ap=1.33 Pa, forPs=56 W, fy,j;s=2.712 MHz,Pp;,=9 W, and
Ne=5.1x 10" cm™3, N.=8.5x10"%m3.

continue to grow with increasing distance from the lower
electrode and the maxima become much more sharpl
peaked than the minima.

frequency [see Fig. 14a)]. The difference between the
Elasma potential and the dc bias voltage of the lower elec-
trode determines the dc sheath voltage dvap (Vgn=Vy,
— Ve piag- A plot of Vg, vs fiias in Fig. 14b) demonstrates
that the dc sheath voltage drop does not depend upon the
The Langmuir probe measurements were performed applied bias frequency within the experimental error. The
bias powers ranging from 2.4—20 W and at coil input powersvoltage across the sheath did vary slowly with the condition
ranging from 100 to 350 Wcorresponding to plasma pow- of the electrode surface. After extensive cell operation50
ers, Py, between 60 and 240 WThe argon gas pressure h) Vg, was~30 V.
was kept constant at 1.33 Pa at a flow rate ofBn7ol/s. All Another result was observed at a constant rf bias fre-
measurements were performed on the cylindrical dischargguency,fyi,s = 2.712 MHz, when both the bias power and
axis, 6 mm above the lower electrode. With no bias appliedhe power dissipated in the plasma were varied. We found
to the lower electrode, the plasma potentig),, is 22+ 1V that the plasma potentialy,, increases nearly linearly as the
and does not vary with plasma power. ratio of the rf bias power to the power dissipated in the
When the lower electrode was biased at various frequerplasmaPy;,s / Pgis, increased. Also observed as a function of
cies and a constant power of 9 W, we observed an increadhis ratio was thaW/y; pias femained nearly constant. Since
of the bulk plasma potential compared to the nonbias casthe dc sheath voltage droy,y, is the difference betweew,
[see Fig. 149)]. In the biased case, the highest plasma poandV; pias this result indicates thatg, varies linearly with
tential was 36 V at 2.712 MHz and the smallest potential waghe ratioPy;,s/ Pgis- This can be seen in Fig. 15.
24 V at 20.34 MHz. Simultaneously, from electrical mea- A feature of this ICP with biased lower electrode is the
surements, we observed a similar behavior in the dc bias afhange of the phasé between the ac component of the rf
the lower electrodeYy: nias @S a function of the applied current and voltagésee Fig. 1€a)] as the bias frequency is

B. Electrical and Langmuir probe measurements
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Fic. 12. Contour plot of TROES vs time and distance above the lower
electrode ap=2.66 Pa, forP =62 W, f;,=2.712 MHz,P,;,=9 W and

Ne=1.2x10" cm™3, Fic. 13. Contour plot of TROES vs time and distance above the lower

electrode atp=13.3 Pa, forPys=71 W, f,;,c=2.712 MHz , andPys
= 9 W. The electron density was estimated toNye=8x10'* cm2 in the
varied. As can be seen in Fig. (b3, the plasma-bias elec- unbiased plasma.
trode system becomes highly inductive at frequencies above
25 MHz, resistive near 10 MHz and more capacitive for

frequencies below 10 MHz. averaged potential within the sheath and ffigr.< <, the

ion motion is influenced by the rf fields. For bias frequencies
IV. DISCUSSION frias~Qp, the expected behavior is less clear. The ion tem-
Plasma parameters adjacent to the lower electrode deteperature in the ICP is on the order of 0.3 8/Therefore,
mine much of the behavior of the sheath. Magnetic fielddnstead of a sharp cutoff frequency for ion plasma waves
from the coil in this region are low enough to treat this as anwhich would be expected in the limit 85— 0, there will
unmagnetized plasmi.Because the Langmuir probe could only be a reduction of the ion plasma wave phase velocity
not reach any closer than 5 mm from the electrode surface, @ccurring around the ion plasma frequency. Although plasma
linear fit to the available Langmuir probe data was used tavaves with frequencies above the ion plasma frequency are
estimate the conditions adjacent to the electrode. The elegpossible, their influence on the plasma is significantly re-
tron density and temperature adjacent to the electrode aduced by Landau damping which increases with increasing
estimated to be $10'° cm 2 and 4 eV, respectively, in an frequency®® The Landau damping coefficient can increase
unbiased plasma with a pressure of 1.33 PaRyd= 56 W.  exponentially as the frequency approaches the ion plasma
This results in an ion plasma frequendy,, of ~8 MHz frequency’* Therefore, the amplitude of the ion plasma
near the surface, whef@,= (47Nign€2 M) *2, nioy is the  waves in the discharge should show a sharp decrease as fre-
number of ions andM,,, is the ion mass. The production of quencies approach the ion plasma frequency.
ion plasma waves are often associated with the perturbation In the low frequency region from 1.695 to 5.424 MHz, the
of the plasma from a biased electratelypically, for bias  bias frequency is below the ion plasma frequenéy,(<
frequenciesf s> > (), the ions respond only to the time- <), and therefore, the velocity of ions traversing the
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presheath will be modulated by the bias rf fields. When the fbias (MHz)

voltage on the electrode is at a maximum, the ion velocity

slows causing an increase in the ion density. Because of

quasineutrality at this position in the plasma, the electrorg o (1;;.t(r?zeT;:aginsa?:trx:;?m%onndect o;;xc;l;zg?l;,f;r;d gﬁ;;eentéfg’se J
density will also increase, producing a maxima in thegiectrode forPy,=9 W. ’ .

TROES signal. This implies that the flux of ions reaching the

sheath is not uniform in time, and therefore should influence

the IEDF at the electrode surface. In the bulk plasma, th?ual loss of electrons from the plasma. As a result, the

electron density modulations are being controlled by the ac: . - . .
y 9 y TROES signal has a minimum when there is a maximum of

the current, i.e., where the electron loss is the greatest.

In the mid frequency range from 5.424 to 20.34 MHz
(fpias~2p), the ions become less responsive to the rf fields
© with increasing frequency. In the high frequency range, from
. 20.34 to 33.9 MHz {p.s>>(p), the ions are essentially
K *o following only the time-averaged fields. Therefore, there is
© no change in the ion density as a function of time in the
20 . presheath. Consequentially, only the bulk type oscillations
are seen and there is no phase shift between the bulk and
i e P.. =const presheath. The decreased signal intensities are probably re-

bias lated to the increased damping of ion plasma oscillations.

From combining the results of the Langmuir probe dc
plasma potential measurements and the electrical measure-
ments we conclude the followindgl) the mean ion energy

0 ! ! — T I ; cannot be controlled by changing the bias frequency, because
0.00 0.04 0.08 0.12 0.16 ]'Ehe dc sheath vo.Itage drgmh, does not erend on the bias
requency[see Fig. 1&b)]; (2) the mean ion energy can be
Pbias / Pdis controlled by changing the ratio of bias power to plasma
power, P,/ Pgis (see Fig. 1k
Fi. 15. The dc sheath voltage drop as a function of the ratio of bias power B€sides the mean ion energy, the shape of the IEDF is
and plasma poweR s /Pyis (fpias = 2.712 MH2. also an important parameter. As mentioned in the introduc-

w

o
T
*

10 | o Py =const
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