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The ion energy distributiondEDs) at the electrodes in a capacitively coupled 13.56 MHz plasma

in CF, have been measured mass resolved with a Balzers quadrupole in combination with a
home-built energy analyzer. Mass-resolved determination offers the possibility to compare the IED
of different ions achieved in the same sheath. The IEDs have been determined at both the largest and
the smallest electrode. Apart from the IEDs of the,Gpecies, the IEDs of ionic species in plasmas

in argon and nitrogen also were determined. Apart from thgi@fic species C§, CFj, CF", and

F*, CHF; ions also are present in the £flasma due to residual water in the reactor. Because the
CHF; ions are not produced in the sheath and because we do not detect elastically scattered ions,
the IEDs of these ions show the typical bimodal distribution for rf plasmas which corresponds to an
IED of ions which have not collided in the sheath. From these IEDs we can obtain the sheath
characteristics, such as the averaged sheath potential. From the IED§ @fr@Fone can conclude

that, in the sheath of the Glplasma, a large number of chemical reactions takes place between the
CF. ions and the neutrals. @996 American Institute of Physid$S0021-897@06)00712-§

I. INTRODUCTION species are CF, CF,, CF", F*, and CHE . The unexpected
presence of CHF is attributed to a very small amount of

Radio-frequency(rf) plasmas are commonly used in in- residual water vapor in the reactor. The advantage of the

dustry for surface modification processes, e.g., for etchingresence of the CHFions is that these ions hardly scatter

and deposition of semiconductor surfaces in the manufactuinelastically. The influence of elastic scattering is known, so

ing of integrated circuits. These processes are caused by spbe IEDs of CHE give information on the sheath structure.

cies which are produced in the low-pressure rf plasma glowrom the IEDs of CE, CF, CF", and F, we may con-

and which are transported across the sheath, toward the sutlude in a first-order approach which ion—molecule reactions

strate on the electrode surface. The bombardment of the suare important in the sheath.

face by energetic ions is essential to achieve anisotropic

etching resultd:? The etching process usually takes place at

the smallest powered electrode. Il. EXPERIMENT

An important parameter in the process is the ion energy  The experimental setup has been described elsevifiere.
distribution (IED) at the electrode. The IED depends on pa-The rf plasma is confined in a cylindrical cavity with an
rameters such as the ion density profile in the sheath, thglectrode area ratio of 3. The driven electrode is ac coupled
mean kinetic electron energy, the cross sections for collisiong the power supplysee Fig. 1 The cavity has been used to
taking place in the sheath, and thickness and voltage of thgyeasure the electron and negative ion densities by micro-
sheath. If in a low-pressure rf plasma the sheath may bgave technique$,*®and is created by extending the largest
regarded as collisionless the IED is saddle structured due t@lectrode around the plasma towards the smalleshldfo
the time modulation of the sheath voltage drop. This hasgt al* showed that the highest sheath voltage drop appears in
been shown experimentall? as well as theoretically® ™  front of the smallest electrode, irrespective whether this is
The splitting of the saddle structure decreases with increashe grounded or the driven one.
ing excitation frequency of the plasma. Because of practical reasons it is difficult to determine

In the collisional case, where the mean free path of thehe IED at the driven electrode. The mass and energy selec-
ions is of the same order of magnitude as the sheath thicker would have to be electrically coupled to the time-
ness, collisions in the sheath have a large influence on theéependent electrode potential. There would be severe inter-
IED. Charge exchange collisions between ions and neutralerence between the rf fields of the plasma and the
cause extra peak structures in the IED at energies lower thajquadrupole. Therefore, we have measured the IEDs at the
the energy of the collisionless saddle structure. This alsgrounded electrode and have built two cavities with identical
has been demonstrated both experimentally analectrode geometries. One has a large and the other a small
theoretically®®?~14 Elastic scattering of ions by neutrals grounded electrodésee Fig. 2 For historical reasons the
does not cause any extra peak structures in the IED but resituation with the largest electrode grounded is called normal
sults in a broadenin®:8* cavity. The other with the smallest electrode grounded is

In this article measurements of mass-resolved IEDs in &alled inverse cavity. Since the potential difference over the
13.56 MHz plasma in Cfare presented. The studied ion electrodes is the same for both configurations when powered
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FIG. 1. Schematical view of the diagnostic and the normal ca(yreac-  FIG. 3. Schematical view of the reference voltadyk,;) during the mea-
tor vessel{b) pump;(c) bellows; (d) rf generator{e) matching network(f) surement of ions with initial an energy of 60 and 140 &Y,is fixed at 10
rf electrode;(g) grounded electrodeth) plasma cavityyi) sample holefj) eV. The channeltron voltage is2.1 kV.

detection chambetk) pump;(l) ion lens;(m) quadrupole mass selectdn)

energy selectorfo) exit slit; (p) channeltron.

designed using the computer programioN.!’” After mass
o o ~ selection, the ions are energy selected in the cylindrical mir-
by the same excitation voltagé;, the plasma is identical in - o analyzer. The analyzer has an exit slit of 1 mm, which
the normal and the inverse cavity. o results in an energy resolution of 1 eV. The resolution of the
In-an open configuration the plasma potential is constangyadrupole is 0.1 u. The selected ions are detected by a chan-
due to the very large electrode surface ratio. Since in OUReltron. After amplification the pulses are counted by a
geometry the surface ratio is only 3, the plasma potential is rfonter card in an IBM-compatible PC.
modulated. This effect is larger for the inverse cavity. Both the resolution and the transmission of the quadru-
A quadrupole mass spectromet@alzers QMG31Lin  hole and energy selector depend on the kinetic energy of the
combination with a cylindrical mirror energy analyzer is jons. |n order to obtain a constant resolution and transmis-
implemented in the grounded electrode. It is situated in &;jon during a measurement, ions are accelerated or deceler-
differentially pumped chambesee Fig. 1 The pressure in - ateq by the ion lens before entering the quadrupole, so all
this chamber is kept lower than 1D Torr. In the center of  jons which are detected have the same kinetic energy when
the grounded electrode a small molybdenum pldtemeter  assing the mass and energy selectors. Therefore, the refer-
2.5 cm is mounted with an orifice of 40m. Molybdenum is  ence(=axis) potential of the total system, including the ion
used so no charging Qf the _pl.ate occurs. The pressure in thgns s changed during an energy s¢aee Fig. 3, whereas
quadrupole chamber is sufficiently low in order to generat&ne |ocal electric fields in the quadrupole and energy selector
that nolzmodlf_lcanon of the IED take place when ions pass thgemain the same. The kinetic energy of the ions when pass-
onﬂce_z. Behind the orifice the ions are focuse(_j by an i0Ning the analyzing systerfi,,sscan be chosen between 5 and
lens into a beam parallel to the quadrupole axis. The voltgg gy
ages, geometry, and the position of the ion optics have been pg 5 consequence of the geometry and the voltage of the
ion lens it is only possible to detect ions which hit the elec-
trode surface with a velocity directed nearly perpendicularly
IJ to the surfacgwithin an angle of 4° with the normallt is

known that for low-pressure plasmas in which the ion mean

free path is larger than the sheath thickness, the sheath is

nearly collisionless. Because the ions are accelerated perpen-
(a) dicularly to the electrode, the angular distribution is
narrow8%n this case all the ions that pass the orifice will
be within the acceptance angle of 4° and the measured IED
:” corresponds to the real IED.

For the high-pressure case, where the mean free path of

the ions is less than the sheath thickness, collisions in the

(b) sheath become important. This is the case for pressures
= higher than 5—-10 mTorr. Due to the collisions the angular

FIG. 2. Schematical presentation of tt@ normal and(b) inverse cavity. (j|str|b_ut|_0n becgmes broader. lons th.at do not pass the ori-
The inner diameter of the cavity is 17.5 cm. The diameter of the smallesfiC€ Within the 4° acceptance angle will not be detected an_d
electrode is 12.5 cm. The inner height of the cavity is 2.0 cm. the measured IED may not correspond to the real IED. This
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FIG. 4. The IED of A" ions incident on the grounded electrode in the
normal cavity. The pressure is 40 mTorr and the power injected in the
plasma is 40 W. The peaks of the primary saddle structure are at 42 and 54
ev.
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effect has to be taken into account for the interpretation of

the IEDs.

Ill. THE EFFECT OF COLLISIONS

0.00
Charge exchange collisions between a fast ion and a 0 20 40 60 80

thermal neutral generates a thermal ion and a fast neutral. energy (eV)

The newly created ions start with thermal enefey0) and

are accelerated perpendicularly toward the electrode. Due fG. 5. (a) Measurement an¢b) simulation of the IED of ArH ions inci-

this effect the ions, which reach the electrode, always hit théent on the grounded electrode in an argon plasma in the normal cavity. The

clectrode surface perpendicularly. Consequenty, all thesssure 240 mr 20 e  pover icteq n e plasma < 0.1, he

ions pass the ion lens and are analyzed by the spectromet@fe represents only the detectable<2® cone.

Due to the fact that the newly created ions have zero starting

energy, these ions generate IED features at lower energies

than the primary saddle structure. In an argon plasma, syntontaining ions hardly have any influence on the space

metric (resonant charge exchange takes place between agharge in the plasma and the sheath. Aridns can collide
Ar™ ion and an Ar neutral, in the sheath with an argon atom and then dissociate or scat-

N N ter elastically. In the first case, the AfHon is destroyed and

AT +Ar—Ar+ArT. (1) cannot be detected anymore. In the latter case, the direction
The IED of Ar" ions measured at the largest electrode in aof the ions is changed and the angular distribution at which
40 mTorr plasma in argon is shown in Fig. 4. The peaks othe scattered ions hit the electrode is broadened.
the primary saddle structure are at 42 and at 54 eV. The other Once again, for the interpretation of the measured IEDs
features are induced by charge exchange. Symmetric charg@e has to take into account that only those ions are detected
exchange for atomic ions has a large cross settion the  which strike the electrode within the 4° acceptance angle of

order of 10-410 ¢ cn?. the spectrometer. In the case of elastic scattering, we distin-
The cross section of asymmetric charge exchange beguish three groups of ArH ions that fulfil this condition.
tween two nonidentical species, The first one consists of ions which do not collide in the

sheath. The electric field in the sheath is perpendicular to the
A"+B—A+B" ) electrode, so the ions are accelerated p(grpepndicularly to the
is of the order 10" cn?. electrode. These ions are responsible for the primary saddle
Also elastic collisions occur frequently in the sheath.structure. The second group consists of ions which lose
The cross section of these collisions is in the order ofearly all their energy during their last collision before they
5-40<101® cm?.?! In this case the energy of the ion is hit the electrode. They behave identically to ions formed by
distributed among the colliding particles. The energy and theharge exchange collisions and also cause low-energy fea-
direction of the ion will change. Consequently, the ion angu-tures in the IEDs. In the case of AfHons scattered elasti-
lar distribution becomes broad®f! and most of the ions cally by argon atoms, only head-on collisions satisfy this
that are scattered do not hit the electrode within the 4° aceondition due to the small mass difference between the two
ceptance angle of the spectrometer. species. The energy of the ions in this case is less than the
There is always some residual water vapor in the reactoenergy related to the saddle structure. The third group con-
which is responsible for the formation of hydrogen- sists of ions that, after two or more collisions, are directed
containing ions such as AfH>2®Due to the fact they have perpendicularly to the electrode by coincidence. The energy
no unpaired electron, the AfHons are quite stable. Because of the ions in this case is randomly distributed and no peaks
of the low density of the D molecules, the hydrogen- are present. The probability that ions end up in the last two

8984 J. Appl. Phys., Vol. 79, No. 12, 15 June 1996 Snijkers et al.
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FIG. 6. The IED of CE ions incident on the grounded electrode in the normal cavity for several pressure and rf power corfdjt@theaTorr;(b) 40 mTorr;
(c) 80 mTorr; and(d) 60 mTorr.

groups is small and we may conclude that the measureibns which bombard the electrode within an angle of 4°. The
IEDs of ArH' ions mainly consist of ions which have not agreement with the measurement is obvious.
collided in the sheath. The measured ArHEDs show a
well-pronounced saddle and may therefore be interpreted as
being collisionless and therefore serve as a very illustrativey. RESULTS AND DISCUSSION
“probe” of the determination of the energy range of the
primary saddle structure®
The effect of the collisions in the sheath has also been Jane&’ and others already pointed out that the ion dy-
demonstrated by simulations. The local and time-dependemamics in the sheath of a ¢plasma is far more complex
electric field in the sheath used in the simulations to calculatéhan in the case of Ar or N The number of ion species is
the ion trajectories and the ion energy is calculated fromarger, as is the number of different ion—molecule reactions.
solutions of particle-in-cell(PIC) simulationd*?® and is  This is also a consequence of the abundance of radical spe-
proved to be close to selfconsisterfcyTrajectories of cies.
150 000 ions entering the sheath at 200 different phases were In a CF, plasma the following positive ions are present:
calculated. The thickness of the space-charge region is varggF; , CF;, CF", F", C*, and at higher pressures alseF¢
ing in time. The maximum sheath thickness is 1.56 mm andons are detected. The presence of GHifolecules in the
the mean free path is 0.8 mm. The collisions are randomlplasma has been shown by Havetfagsing IR techniques.
chosen and are treated as hard sphere elastic scattering whé= a result, CHE ions are created in the plasma.
the collision angle in the mass centered system is randomly Negative ions are also present. These ions, mainly F
distributed and the total energy and momentum are conare trapped in the glow. The density and the temperature of
served. these ions determine the Bohm velocity of the positive ions
The measured IED of ArHions at the largest electrode entering the sheath, but they have no further influence on the
in a 40 mTorr plasma in argon is shown in Figapb The rf ~ dynamics of the positive ions in the sheath. The Bohm ve-
power is 50 W. The IED clearly shows the saddle structurdocity in electronegative gases is smaller than in a plasma
whereas small features are noticed at lower energy. These anéthout negative ion§.The consequence of this is that the
generated by the elastically scattered ions which bombargositive ion density decreases more rapidly toward the elec-
the electrode perpendicularly and have Igstarly all en- trode than in a plasma without negative ions. Subsequently
ergy during their last collision. Figure(y shows a simula- the sheath thickness is larger than in a plasma without nega-
tion of the IED of ArH" ions for the same conditions as tive ions.
above. The solid curve represents the full angular distribu- Experimentally determined IEDs of Gk CF;, CF',
tion of the IED (for experimental data see ThompsonF', and CHFE ions are presented both for the normal and the
et al?), while the dotted curve represents the IED of theinverse cavity case. These results show large differences be-

A. Introduction

J. Appl. Phys., Vol. 79, No. 12, 15 June 1996 Snijkers et al. 8985
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FIG. 7. The IED of CE ions incident on the grounded electrode in the normal cavity for several pressure and rf power corfdjt@theaTorr;(b) 40 mTorr;
(c) 80 mTorr; and(d) 160 mTorr.

tween the IEDs of the different species. From these resultshow a saddle structure but one single peak. This is caused
conclusions about the sheath behavior and the ion kinetics iby the fact that at such low power densities the plasma po-
the sheath are derived. It is shown that ions are produced itential is roughly equal to the floating potential. Conse-
the sheath. Because of the low electron density in the sheathuently, the modulation depth of the voltage across the
these new ions must be formed by ion—molecule reactionssheath is small: 30%-50%. At higher powers the modulation

depth can be as large as 90%—-100%; then the saddle struc-
B. IEDs at the largest electrode ture appears again.

The density of the CFions is expected to be the highest

In Figs. 6, 7, 8, 9, and 10, the measured IEDs OECF of all the observed ions. When we analyze the IED of the
CF;, CF', F", and CHE ions are presented for several CF; ions (Fig. 6), we can recognize the primary saddle

plasma conditions in the normal cavity case. The power iNgi . cture in the low-pressure cag@0 and 40 mToix

dicated in t'he figures means the power injected in th(?Nhereas this structure vanishes at higher press(té8
plas%a. k? uhr Ing thefsg&e_asur_emeﬁtggss_w E_‘IS 2t0 i\vﬁ . mTorr). In the low-pressure case the IEDs show some small
€ behavior o 10NS 1S quite sSimiiarto AIHIonS - geatures at energies lower than the saddle structure. These

N an argon plasma. T_he most _probable reacﬂons_of EHFfeatures cannot be generated by elastic scattering because the
ions are elastic scattering or an ion—molecule reaction with a

CF, neutral. In the latter case the ion will be destroyed anqelasncally scattered GFions do not contribute to the mea-

cannot contribute to the IED any longer. Once again we re:SureOI IED; therefore, the features must be generated By CF

mark that the measured spectrum only includes the ionNsS which are created n the sheath. Furthermo_re, for the
which have hit the electrode surface within an angle of 40 Newly created ions to arrive at the electrode within the ac-

Because of the mass difference between the £iR and ceptance angle of 4° it is required that they have a starting
the CF, neutral, the ion will never lose all of its energy when €Nergy close to 0 eV. o
it collides elastically. This means that the measured IED will ~ When we consider the IED of GFons in Fig. 7, we can
mainly represent ions which did not collide in the sheath. Ng®nly recognize the primary saddle structure at 20 mTorr. At
elastic scattering features as are occurring in the case é¥igher pressures this structure vanishes. This means that the
ArH™ are to be expectetf CFj ions which start from the glow are either scattered elas-
At high pressures the saddle structure is still well recogdically or destroyed by chemical reactions. Apparently, in
nizable, although the structure is less pronounced than at logontrast to CE ions, the probability for CF ions to cross
pressuregsee Fig. 10 At high pressures most of the CEIF  the sheath without any collision is very small. The cross
ions are scattered and are not detected. The IEDs of,CHFsection for elastic scattering of ¢Rons and Ck ions with
ions determinedn 5 W plasmas for several pressures do notCF, neutrals will be of the same order. This cannot explain

8986 J. Appl. Phys., Vol. 79, No. 12, 15 June 1996 Snijkers et al.
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FIG. 8. The IED of CF ions incident on the grounded electrode in the normal cavity for several pressure and rf power corfdjt@heaTorr;(b) 40 mTorr;
(c) 80 mTorr; and(d) 160 mTorr.

the different behavior. This means that the;GBns have a CF", and CHE only have paired electrons. Therefore, the

relatively large chance to be destroyed in the sheath by ion€F; ions are more reactive. The feature in the IEDs of the
molecule reactions. This is in agreement with the fact thaCF, ions at energies smaller than the primary saddle must be
they have one unpaired electron, while ions such ag§,CF generated by production of GFons in the sheath. The pro-
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FIG. 9. The IED of F ions incident on the grounded electrode in the normal cavity for several pressure and rf power cor(djt@hsaTorr;(b) 40 mTorr;
(c) 80 mTorr; and(d) 160 mTorr.
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duction rate is relatively large in order to compensate thelasma of 5, 14.5, and 72 mTorr, respectively. During these
rather high loss rate, which is responsible for the vanishingneasurementg.;;was 33 eV. This is higher than thg,
of the primary saddle. used in the normal cavity in order to increase the transmis-
The IEDs of CF ions(see Fig. 3are similar to those of sion of the spectrometer.
CF; : The primary saddle structure can be recognized up to  The saddle structure in the IED of §Fons is only
about 80 mTorr. The strong increase of low-energy ions atecognizable at low pressures, up to about 15 mTorr. At
higher pressures can again only be explained by productiohigher pressures the saddle vanishes due to the small prob-
of forwardly directed ions in the sheath. The smaller numbembility of the ions to cross the sheath without any collision.
of features is due to the smaller mass of the"Gfns with The IEDs of CK ions do not show any specific features
respect to the mass of the £Fons, which results in a and they look similar for the whole pressure range. The
shorter sheath transit time. The fact that, except for the prisaddle structure has already vanished at pressures as low as 5
mary saddle, there are no peak structures may also be tmeTorr, which corresponds to the results obtained in the nor-
consequence of a possible excess energy after the formational cavity: The loss rate of GFin the sheath is high com-
of CF" ions. pared to other ion species. The average energy of the whole
The primary saddle structure in the IEDs of lons (see
Fig. 9 is recognizable at low pressuré0 and 40 mToiy,
while also one very sharp peak can be distinguished up to
160 mTorr. This peak may be produced by ions created in 5
the sheath by ion—molecule reactions or resonant charge ex-
change reactions. From investigations of Haverlag it is
known that the density oF neutrals is about five times as
high as the CEneutral density® One should take into ac-
count that the F ions cannot disappear by dissociation reac-
tions as CF ions can.
Several ion—molecule reactions can appear in thg CF
sheath. From the measured IEDs we may conclude what re-
actions are dominant. This is discussed in Sec. IV E. 0 50 100 150 200 250

counts (kHz)

energy (eV)
C. IEDs at the smallest electrode
. . FIG. 11. The IED of CE (solid line), CF; (dashed ling and CF ions
In Figs. 11-13, the IED_S of CgF: CF;, anc_l CF I0NS  (dotted ling incident on the grounded electrode in the inverse cavity. The
are presented as measured in the inverse cavity case ip a Glressure is 5 mTorr and the rf power injected in the plasma is 85 W.
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FIG. 12. The IED of CE (solid line), CF} (dashed ling and CF ions FIG. 14. The relation between the splittidg= and the mass of the ion as

(dotted ling incident on the grounded electrode in the inverse cavity. Thedetermined for several ions in a plasma in air. The measurements has been

pressure is 14.5 mTorr and the rf power injected in the plasma is 85 W. done in the normalO) and the inverse cavity(]). In both cases the rf
power injected in the plasma is 48 W. The pressure in normal cavity case is
80 mTorr, while the pressure in the inverse cavity case is 5 mTorr.

IED decreases with increasing pressure, which is due to the

increasing number of collisions in the sheath. derived. The splitting energy difference appears to be in-

The IEDs of CF ions also look similar for the whole ; -
: \69rsely proportional tgm; as shown in Fig. 14 for a plasma
pressure range. The maximum always occurs at about 100" ™~ . . ; .
In air in the normal and inverse cavity. This empirical rela-

eV. Just like in the CF case, the saddle structure has already. . L
vanished at 5 mTorr. Hardly any ion can reach the electrodtt-:*Ion is also valid in pure CF Ar, and N, plasmas’

without a collision, and the loss rate in the sheath is highe{h In dzllg. t1r5 tthre s]cp)[::|ngle§nefr%/g|SlfLercaincﬁivEnof
than the production rate. € saddle structure of the 0 ons is given as

In conclusion, the IEDs measured in the inverse cavityfunCti—on of th? averaged energy of Fhe prima.l_ry_saddle struc-
show the same features as those measured in the nornfHf€ Esad A_E increases more than Ime_arly W'E.Egad' B_ased
cavity; however, the effects induced by collisions in the " theoretical investigatiorfsfrom the increasing ratio be-
sheath are enhanced because of the larger sheath thickneéﬁ'.ee_nAE andEsyqwe may conclu_d_e that the transit time of
the ions decreases with increasikg,y and, subsequently,
that the sheath becomes thinner with increadifyg, To
generate a thinner sheath at higher sheath voltages, the ion
When we compare the IED of the normal and of thedensity at the sheath—presheath edge has to increase with
inverse cavity, we can distinguish a difference in the intenincreasingE.,g.
sity of the measured distributions. This is partly due to dif- When we consideAE in CF, plasmas for different pres-
ferent adjustments of the spectrometer. The main reasoBure conditions at a certafy,,, we see thatE is the larg-
however, of the intensity difference is the number of colli- est at the lowest pressures. From this we may conclude that
sions in the sheath. In the inverse cavity the sheath is thickahe sheath thickness is the smallest at the lowest pressures:
due to a higher sheath voltage. Consequently the number afhe splitting is larger when the transit time is smaller. The
collisions in the sheath increases and the number of iongmaller sheath thickness at lower pressures is a consequence
which do not collide in the sheatfand hit the electrode of a higher density of the positive ions. Investigations of
within the acceptance angle of)4decreases. Haverlag confirm the decrease of the density of the positive
From the IEDs in which the primary saddle structure canions with increasing pressuté This behavior is in contrast
be recognized, the splitting energy differend& can be  with an argon plasma, whereE increases with the pressure

D. Remarks

30 | R
’N\ -
E s 20
~ 3
2 w
§ <
o 10
o 1 i 1 1
0 50 100 150 200 250 40 50 60 70 80
energy (eV) <E,.o> (eV)

FIG. 13. The IED of CE (solid line), CF; (dashed ling and CF ions FIG. 15. The relation betweelﬁ_sad and AE in the CF, plasmas in the
(dotted ling incident on the grounded electrode in the inverse cavity. Thenormal cavity, determined from the IEDs of the CHens for 20(O), 40
pressure is 72 mTorr and the rf power injected in the plasma is 85 W. (0), and 80 mTor(V).
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FIG. 16. Esad as function of the maximum sheath voltagg+V,. in CF, 60
plasmas in the normal cavity. The results are determined from the IEDs of
CFJ . The pressure is 5 mTofs) and 20 mTorr(O). =
- —
=z 40 3=:
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at a certainEg,y; The ion density has to increase with f; -
pressuré which is also observed experimentally by E 20 3
Haverlag'® 8 °
From the measurements the relation between the

maximum sheath voltagéV/+V,.) and E,q can be deter-
mined. In Fig. 16 this relation is shown for §Hons (CF,
plasma, pressures of 5 and 20 mToin the case where the energy (eV)
sheath voltage modulation is purely sinusoidal, so purely ca-
pacitive, E.,4 has to equake(V+V4). The measurements :_ZIG)- _17-_dTh$ IEE:; of § (Sodliddlinle),tl\“d(df_isftlﬁd ling anld l\&*_gn%dottfed

; ine) incident on the grounded electrode in the normal cavity. The rf power
e e o et g T 1 A 631 e s )

orr.

voltages. The deviation from a sinusoidal sheath voltage
modulation is larger for low-pressure plasmas in,@here
the ion density is higher and the sheath thickness smaller. A neutral atom or molecule can only be ionized by an
This conclusion is in agreement with the sheath in argorion if the energy is a few keV. These energies cannot be
plasmas where the ion density is the largest for high-pressurebtained in the sheath of a rf plasma. Therefore, ionization of
plasmas. Consequently, the deviation from a sinusoidal voltneutrals by highly energetic ions cannot occur in the sheath.

0 20 40 60 80 100

age modulation is the larget. The ions which are present in the plasma can collide
with a CF, molecule and a fluorine atom transfer reaction
E. Sheath kinetics may take placédisproportionation reactiohsThe following

. , , , reactions can be distinguished. For an endothermic reaction
To explain the IEDs of the ion species which are preseng, enthalpy differen@? is added on the left-hand side.

in the sheath of a Gfplasma, ion—molecule reactions have o 5 exothermic reaction the reaction enth#39is added
to be taken into account. The most important reactions arg, ihe right-hand side

discussed in this subsection. .
Exact data on cross sections of reactions in whiclf CF~ CF; +CF;+6.20 eV—CF,; +CF;, 3
ion species are involved are not available. Therefore, we use

the reaction enthalpy as a probe for the reaction rate; as a CF, +CFy—CF; +CRy+0.52 eV, )
first gstima}tion in terms of tgndencies toward equilibrium, a  CF*+CF,+0.30 eV—~CF;CF,, (5)
consideration of the enthalpies can be very useful. .

lons may be produced by ionization of neutrals which ~ C"+CF,—CF; +CF+1.78 eV, (6)
collide with electrons or with energetic ions. In the sheath, F*+ CFy—CF +F,+4.29 eV. @)

the contribution of electron impact may be neglected. This is
supported by measurements of the IED of thé &hd N;  In reaction(3) a CF; ion is formed. This ion, however, di-
ions in a N, plasma. lonization of N and \species by elec- rectly decomposes into GFand F?® The exothermic reac-
tron impact would generate characteristic features in théions sometimes occur spontaneously. The endothermic reac-
IEDs of the N” and Nj ions since these newly formed ions tions may occur when the energy difference is supplied by
start with thermal energy and are accelerated to the electrodbe accelerated ion in the sheath.

surface. From the absence of these feat(gee Fig. 1Y we Also charge exchange reactions may occur in the sheath.
may conclude that the contribution of electron impact to theThe cross sections of charge exchange reactions between two
newly formed ions in the sheath may be neglected. We exidentical species(symmetric charge exchangere quite

tend this conclusion to the GFplasmas, even though the large (=10 '8 m?). The cross sections of charge exchange
kinetics are more complex than in the Nlasma. reactions between not-identical speciasymmetric charge
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exchangg is in general smaller than for symmetric chargesity of the CF; molecules, the probability that this reaction
exchangg~10 2! m?).2%3% This mainly is the consequence takes place will be large. The reaction rate can be estimated
of the energy differencéE between the ionization levels of as follows. At 40 mTorr nearly the whole saddle structure
the involved ions. In the case of resonéire., SE=0) asym-  has vanished. The GRlensity in this case is 2:610°* m™3.
metric charge exchange the cross section can be of the sarB6% of the CK ions will be destroyed when the mean free
order of magnitude as for symmetric charge exchange reagath is3 of the sheath thickness. The sheath thickness will be

tions. of the order of 2 mm, so the mean free path is 0.7 mm. This
We consider the following symmetricesonantcharge gives a cross section o680 1° m?, which is quite reason-
exchange reactions: able. The charge exchange reacti@sand(13) also lead to
4 CF E.+CE" a loss of Ck ions but their contrlbut!on to the total loss will
CFs +CR—CRtChy, ® be much smaller than that of reactiéf). At 40 mTorr the
CF; +CF,—CF,+CF;, 9 mean free path for resonant charge exchdngaction(9)] is
. . about 12 cm. The mean free path for asymmetric charge
CF"+CF—-CF+CF", (100 exchangdreaction(13)] is about 40 cm. Reactior(®) and
Fr +FoFE+E". (11) (5) are endothermic and their cross section will be small.

. . . _ This can explain why the primary saddle in the IEDs ofCF
Asymmetric chargg exchange reactions W_'"' ma!nly takeand CF ions does not vanish. When the cross section is a
place between an ion and a Cheutral. We distinguish the  factor of 10 smaller, the mean free path is a factor of 10

following asymmetric charge exchange densities: larger. This means that only 3% of the ions will be destroyed
CF§ +CF,+6.2 eV—CFy+CF}, (1 by collision. _
From the abundance of low-energy features in the IED
CF, +CF,+E—CF,+CF;, (13)  of CF;, we have concluded that there must be a reaction by
N N which CF; ions are produced in the sheath. As shown above,
CF +CF+6.3 eV>CF+CFy, (14) the reaction rates of charge exchange reactions is small. That
F'+CF,+2.7 eV-F+CF/. (15  this reaction is not a dominant production process is con-
_ _ . firmed by the fact that no specific charge exchange peaks in
The energy difference for reactid3) is unknown. the IEDs of the CK ions can be observed. Therefore, the

The probability that the reactior(8)—(15) occur in the  dissociation of CE ions[reaction(16)] is the most probable
sheath depends on the cross sections and on the densitieshduction process of GFions in the sheath.
the neutrals. The densit;es_osflghe £EF,, and CF neutrals CF; ions are involved in several reactions. The cross
are of the order 1§-10"m . _1he density of the F radi- - section of resonant charge excharjgeaction(8)] is quite
cals is of the order of 2.610'° m °*" The densities of all |arge, but due to the low GFadical density the reaction rate
these species are lmufcah lower than the, @Butral density  js small (mean free path=25 cm). Due to the small cross
(1-6?(102 ~5.3x10°" m™?); however, due to the larger cross sections, asymmetric charge exchariigeaction(12)] does
sections for resonant charge exchange, the reaction rates @ft have a high rate, either. Therefore, probably; Géns
both types of charge exchange will be comparable. are mainly produced in the sheath by the fluorine atom trans-

The next ion—molecule reactions which we discuss argg, reaction(3) where CE decomposes into GFand a F
dissociation reactions of GFions by a collision with a neu- ragical. The mean free path of this reaction is of the order of
tral, most of the times a GFmolecule. We distinguish the 4 1\m The IED of CE ions shows some secondary peak

following reactions: structures, although less pronounced than expected for
CF,+CFJ +3.77 eV—CF,+CF, +F, (1)  charge exchange. In the IED of ¢Fmore peak structures
. can be distinguished than for €Flue to the longer transit
CF,+CF}8.08 e\\~CF,+CF"+2F, (17 time of the CE ions (larger masp
In the CF" case, similar reactions are responsible for the
+ + ’
CFy+CRy +13.7 eV=CRy+ CT+3F, (18 production and loss as for GF The difference is that reac-
CF,+CF; +5.31 eV»CF,+CF"+F, (19)  tion (5) is now slightly endothermic. The consequence is that
the ratio between loss and production reactions is different
CF,+CF, +10.9 eV~CF,+C" +2F, (200 from CF; . Therefore, in the IED of CF the primary saddle
CF,+CF*+5.59 eVsCF,+C* +F. 21) ztlr:lictures can be recognized up to higher pressures than for
2 .

From the measured IEDs we may conclude which of the ~ F* ions are destroyed by the ion transfer reacfidrhis
reactions(3)—(21) take place in the sheath. The density of Freaction is exothermic and due to the large,@Ensity the
radicals is higher than of GFwhereas the CFdensity is  probability for this reaction to occur in the sheath will be
higher than the Cfdensity*® quite large. The IEDs of Fions show large peaks, which

In the previous subsection, from the vanishing of thesuggests that resonant charge exchamgaction(11)] oc-
saddle structure at low pressures we have concluded thatrs in the sheath. This seems to be quite likely because the
there must be an inelastic reaction with a large cross sectiof radical density is about five times higher than the, @rd
by which CE ions are lost. This may be reactigd), an  CF, densities. Furthermore, the cross section for resonant
exothermic disproportionation reaction. Due to the high dencharge exchange is large.
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TABLE I. Dominant production and elimination reactions in the sheath of a 7R_j. M. M. Snijkers, M. J. M. van Sambeek, G. M. W. Kroesen, and F. J.

CF, plasma.

Species Production reaction Elimination reaction

CF; disproportionation with C[F(3) dissociation into CE (16)

CFH dissociation of CE (16) disproportionation with Cf(4)

CF* dissociation of CE (17) disproportionation with Cf(5)

F* resonant charge exchange withdisproportionation with CF(7)
F (12

V. CONCLUSIONS
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