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To minimize ion bombardment induced damage ingM&sed chamber cleaning plasmas, we have
studied the effects of diluent gases and reactor pressure on ion energy distribution functiogs in NF
plasmas. We have utilized plasma ion mass spectrometry, ion energy analysis, and optical emission
spectroscopy in 25 mol % NFplasmas with argon, helium, and oxygen diluents. We have also
compared the Nf-based plasma measurements to those of 50 mobRs/O, plasmas. We have
demonstrated that diluting with helium and operating at higher pressures will reduce ion energies in
NF; plasmas while maintaining superior chamber cleaning performance. In addition, we have
correlated the intensity ratio of specific argon emission lines to average ion energies at the grounded
electrode. This correlation provides a practical diagnostics tool for further optimization work.
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[. INTRODUCTION The objectives of this investigation werg) to study the
effects of diluent gas and pressure on ion concentrations and

. fon energy distributions; ant®) to ascertain if a correlation
clean plasma-enhanced chemical-vapor deposif@CVD) could be established between the ion measurements and fea-

process chambers. Compared with fluorocarbon-_ba§e(j_ plaﬁj’res in the OES. Knowledge obtained in this study offers
mas, Nf offers advantages of shorter atmospheric lifetime.g, o oractical guidance for reduction of hardware damage

avoidance of fluorocarbon contamination residues, maxigiie minimizing process chamber cleaning times. We chose
mized PECVD tool availability resulting from faster etch

‘ ! of sil dioxid d sil itrid ~ to operate our plasma reactor under conditions previously
gates or rhemlova.o S| |?on 'O;(' he an ISI 'Codnfn'"r'l e(;esr optimized for maximum etch rat@sSpecifically, 25 mol %
ues on the interior surfaces of the tools, and further OWNNE, was used with argon, helium, and oxygen diluents. For
stream cleaning in the reactor as a result of longer radic

e 14 : i a(lomparison, we also made similar measurements in 50
lifetimes:~" These advantages of BHbased cleaning dis- 0 :

. o mol % CFg in C,F/O, plasmas.
charges can be fully realized only if ion bombardment dam-

age tq champer interior components can be S|multaneous||¥_ EXPERIMENT

minimized. Diluent or buffer gases are commonly used to

optimize both fluorocarbon- or NFbased chamber cleaning ~ We carried out the measurements in an ultra-high-vacuum
process plasmas® High etch rates and shorter chamber cOmpatible, capacitively coupled plasma reactor. Figure 1 is
cleaning times in NE:based plasmas have been achieved byhe schematic diagram of the setup. The plasma reactor has
using high-pressurg1-3 Tor) and high-power density been described in detail in previous optimization woikhe
(0.5—2 Wi/cm).>" While etch-rate-optimized plasmas im- diameter of the upper electrode is 3 in. while that of the
prove the availability and overall productivity of PECVD lower electrode is 3.5 in. The electrode spacing was fixed at
tools, gradual hardware degradation over time may occur dué in. for all of the measurements reported here. The upper
to bombardment by large fluxes of high-energy ions. Result€lectrode was driven at 13.56 MHz. The lower electrode and
presented show that through proper choice of diluent gaé,he chamber wall were grounded. Both electrodes were water
power density, and pressure, ion energies incident upon pr@ooled at 25°C inlet temperature. In all measurements, the
cess chamber electrodes can be minimized, thereby minimi2utput of the rf generatofRF Power Products RF-1Gvas

ing hardware damage during chamber cleaning, while simulset at 60 W. The matching netwofENI MW-5) was manu-
taneously maintaining sufficiently high etch rates. In thisally tuned to minimize the reflected power.

work, we directly measured energy distributions of positive An ion energy analyzer/quadrupole mass spectrometer
ions incident upon the ground electrode in chamber cleaningiiden Analytical, Inc., EQP-300vas used to measure rela-
plasmas. We simultaneously measured optical emissiofVe ion concentrations and ion energy distributions. As
spectra(OES and have correlated OES line intensity ratiosShown in Fig. 1, the EQP probe was mounted beneath the
with observed ion energy distributions and correspondingfounded lower electrode. lons enter the EQP probe through

NF; or fluorocarbon-based plasmas are widely used t

etch rates. a _307um-di§1m orifice made of a piece of thin stainlegs-steel
foil. The foil and the grounded lower electrode were in elec-

aElectronic mail: mcgrath@psu.edu trical contact to ensure that _they were at the same po_tential

P'Current affiliation: Novellus Systems, Inc., San Jose, CA 95054. when the plasma was running. The gfr-diam orifice is
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Bird trast to more conventional neutral gas mass spectrometry, no
Wattmeter probing analysis electron beam was required for these mea-
%ﬁ%ﬁz 7T matching surements. Instead, the incident ion fluxes were directly ana-
supply network lyzed to determine the ion energy distribution functions
(IEDF9 and relative concentrations of each ionic species
present.

A fiber-optic spectrometefOcean Optics, Inc., S20D0
mounted onto a side view port was used to record the optical
emissions. Spectra were recorded in the wavelength range of
200—-875 nm with 0.5 nm resolution. A blackbody light

) Exhanst throtle valve source was used to correct for the wavelength-dependent
Gas inlet I @\ and pump out transmission efficiencies of the window, the fiber, and the

Q) spectrometer. Only corrected OES line intensities were used
in the analysis presented. The OES and the ion energy dis-

;E $2000 tributions were measured simultaneously for each set of dis-

—
A

charge conditions.

HIDEN EQP quadrupole
mass spectrometer

_i:l Ill. RESULTS AND DISCUSSIONS
230 Us turb
S g A. Survey of relative ion concentrations

L

The first three data columns in Fig. 2 show fractional
composition of the incident ion fluxes at the grounded elec-
A/ || trode in 25 mol % NE discharges diluted with argon, he-
\/ lium, and oxygen, respectively, operated at 0.5 Torr and 1.1
o o Wi/cn? power density. The fourth data column in Fig. 2

Fic. 1. Schematic diagram of the capacitively coupled process research . o
reactor. The Hiden EQP mass spectrometer was mounted beneath t§QOWS the corresponding flux composition for a 50 mol %
grounded lower electrode. C,Fg discharge diluted with @under the same conditions.
The flux compositions shown result from integration of the
IEDFs that were measured. For each pressure and gas com-
sufficiently small so as not to perturb the local structure ofposition, the electrostatic lenses of the EQP were tuned to
the plasma sheath. No extraction voltage was applied tmaximize the intensity of the IEDF signals collected for each
sample the ions from the plasma. As ions drift from the bulkion mass. When operated in the neutral gas analysis mode,
plasma into the sheath, they are accelerated by the electribe collection efficiency of the EQP is reported to vary with
field across the sheath, pass through the sampling orifice, amdass. The procedures used for these measurements avoid
enter the EQP probe analysis chamber. The EQP probe wasy collection efficiency mass discriminations associated
differentially pumped by a 230 I/s turbomolecular pump. Thewith collection of ion production within the probe by
probe interior pressure was maintained below ° Torr  electron-beam ionization of the neutral gas being analyzed.
for all measurements. At this pressure, neutral atom and moln addition, no mass transport corrections are required for
ecule mean-free paths are approximately 1 m. Thus, gas caheutral gagor ion) analysis of species lighter than 60 amu.
lisions and recycling within the probe are minimized. In con-Corrections required for species near 80 amu are about 15%

To control unit

NO,*
:

100%

o NF,*
90% NEF
80%

70%

o Fic. 2. Fractional composition of the
60% incident ion flux at the grounded elec-
50% trode:(a) 25 mol % NF; in Ar plasma;

N (b) 25 mol % NF; in He plasma(c) 25
40% mol % NF; in O, plasma; andd) 50
30% mol % GFg in O, plasma.
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for neutral gas analysis and less for the direct collection ioraccuracy of the ionizing electron beam in the EQP probe.
mass analysis executed in this stddy? Since all but one of Our threshold values are in closer agreement with those of
the ion masses reported in Fig. 2 are below 80 amu, nd@arnovskyet al, and for convenience of discussion, we have
correction factors for mass discrimination were included. plotted their cross section data in Fig. 3. In addition, we have
For all of the gas mixtures studied, power coupling to theplotted in Fig. 4 threshold energies for ionization processes
plasma varies with pressure. Correspondingly, both opticahnd atomic metastable states that are relevant to the data
emission intensities and ion fluxes were observed to vargnalysis present.
with pressure. The fractional composition of the incident ion
fluxes shown in Fig. 2 also varied somewhat with pressure,
reflecting both changes ip composition of the bulk plasm.a. ag Argon as the diluent for NF 5 discharge
affected by power coupling and changes in sheath collision
processes. In the discussion below, the observed flux com- As shown in column 1 of Fig. 2, Aris the most abundant
positions provide insights into both sheath collisional pro-ion in 25 mol% NR/Ar plasmas. The high abundance of
cesses and bulk plasma behavior. The flux compositiondr™ ions is due to the relatively low ionization potenti&®)
shown in Fig. 2 are representative of those observed througland high ionization cross section of argon atoms. Since ar-
out the pressure ranges where power coupling was googon is manifestly electropositive, with each Ar ionization
(0.5-2.0 Torr, depending upon gas compositiowhen producing an electron, the 40%-45% “Arconcentration
power coupling degraded, the fractional abundance of thehown in column 1 of Fig. 2 implies that discharges with 75
principal ion or ions was generally observed to drop as thenol % argon diluent are less electronegative than the other
discharge approached extinction. discharges discussed below. Argon emission line intensities
To understand quantitatively the relative ion concentra-are strongest at a pressure of 0.75 Torr, reflecting the optimal
tions in NF; discharges, we need to know the dynamics ofrf power coupling into the discharge and larger electron den-
electron interaction with Nf~and its daughter products, and sities at this pressure. At pressures below 0.2 Torr and above
the dynamics of ion—molecule interactions. Most impor-1.5 Torr, discharges in 25 mol % NFAr plasmas are diffi-
tantly, we need to know the ionization threshold energies andult to maintain at a fixed input power level of 60 W.
cross sections, the electron-impact fragmentation patterns The relative concentrations of NFions, [NF, ], are
and yields, and the cross sections for various collisional proqualitatively consistent with the cross-section data of Tar-
cesses. Unfortunately, only limited data for Ndfissociation  novsky et al. shown in Fig. 3, i.e.[NF, |>[NF"]>[NF; ].
and dissociative ionization are available. The data for elecHowever,[NF; | appears to be much higher than the con-
tron collisions with NF fragmentation daughter products are centrations of the other two NFions. This may result from
fewer. Tarnovskiet al. reported threshold energies of 14 eV additional NF production pathways due to NFollisions
for ionization of NF; to produce NE , 15 eV for dissocia- with Ar*. Argon has an ionization potential of 15.76 eV, so
tive ionization of NF to produce NE , and 23 eV for dis- Ar* has sufficient energy to produce Ny dissociative
sociative ionization of Nf to produce NF.!® Reese and ionization. In fact, the reaction of argon ions with NRas
Dibeler reported slightly lower values of 13.2, 14.2, and 17.9een observed to occur at a near gas collisional rate
eV, respectively, for these threshofdsBy filling our cham-  constant®
ber with NF; gas (no dischargg we were able to use the + "
EQP probe’s appearance potential capability to measure the ArTHNFs—Ar+F+NF, @)
dissociative ionization thresholds for the various;NFag-  Argon metastable statess2Bp®(?P,,,)4s73/2],(°P,) and
ments. We find thresholds for production of NFNF, , and ~ 3s?3p>(2P},,)4s%[1/2]o(°P,), have energies of 11.55 and
NF' of 15, 15.5, and 20.5 eV, respectively. The minimum11.72 eV, respectivel}f and therefore, lack sufficient en-
uncertainty of our values is0.5 eV, which is the tuning ergy to dissociatively ionize N

Tonization cross
section (A2)
<o
oo
T

Fic. 3. NF; ionization cross sections
from Tarnovskyet al. (Ref. 13.
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Fic. 4. Selected atomic energy levels and transitigdotrian diagramysfor F (1), Ar (1), He (I), and O(l). Level energies shown in parentheses are in eV,
and transition wavelengths are in nm. Metastable states are shown in dashed lines. The threshold energies for selected molecular ionizdiarepatsmess
shown.

Notable concentrations of,F(11%) and F~ (4%) are ob-  sure collisionless neutral streaming in the probe. This re-
served in 25 mol% N/Ar plasmas. The F production  stricted our operating pressure range to be between 0.25 and
from dissociative ionization of Nfhas a threshold energy of 0.75 Torr for this gas mixture. The relative signal intensities
25 eV. The ionization potential of a fluorine atom is 17.42measured for the principal positive ions incident on the
eV. Although Ar" does not have sufficient stored energy togrounded electrode in 25 mol % MfHe plasmas are shown
produce F via direct dissociation of Nfor direct ionization in the second column of Fig. 2. Marked contrasts between
of fluorine atoms, Ar can produce neutral fluorine atoms helium- and argon-diluted plasmas are observed. First, He
via several mechanisms, such as the reaction pathway showonstitutes only a small fraction of the total positive ion
in Eq. (1) above. Additional fluorine atoms are likely gener- populations. With an ionization potential of 24.59 eV, he-
ated through dissociative recombination of NFNeutral  lium atoms are much more difficult to ionize than argon
fluorine atoms are subsequently ionized by electron impactatoms. The relatively low concentration of H@bserved is
The increased production of atomic fluorine would appear t@onsistent with previous plasma impedance measurements
be responsible for the higher concentrations 6fiéns ob-  which showed NE/He plasmas to be more electronegative
served in 25 mol % NEAr plasmas(4%) and in 25 mol%  than NR/Ar plasmas’® We will discuss the effect of in-
NF;/He plasmag11%), as compared to F concentrations creased electronegativity on ion energy in Sec. I B.
observed in @ diluents (<2%) or in 50% GFg/O, dis- NF, is one of the dominant ion species observed for 25
chargeg<0.5%). Higher concentrations of atomic and ionic mol % NF;/He discharges. He has stored energy of 24.59
fluorine contribute significantly to the faster etch rates ineV. The lowest metastable state of *Héls2s3S;) has
NF;-based chamber cleaning plasmas compared to fluorocastored energy of 19.82 e¥?. Therefore, both He and Hé

bon plasmas. have sufficient energy to dissociatively ionize N pro-
duce NE . In addition, H& can dissociate NFto produce

2. Helium as the diluent for NF 5 discharge NF,, Y
When helium was used as the diluent at reactor pressure Hex + NF,—NF,+F* +He. 2

above 0.75 Torr, the pressure in the EQP probe could not be
maintained below % 10 ® Torr, which was required to en- NF, has an ionization potential of 12.11 eV. Additional NF
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can be produced by electron-impact ionization of,N®&l- when Q is used as the diluent. The relative fluxes ¢f &nd
lowing reaction(2), or by subsequent interaction with He F" in O,-diluted NF; plasmas are also much smaller than
or He*. All of these reaction pathways diminish the popula-those in inert gas-diluted NFplasmas. With a lower ioniza-
tions of He" and Hé'. tion potential of 12.07 eV and with multiple rotational and
Helium ion and helium metastable driven NBissocia- vibrational excitation states, (apparently acts as an energy
tion processes also produce fluorine atoms and ions in 28ink inhibiting reactions which produce NFNF; , and neu-
mol % NF;/He plasmas. Consequently; Bnd F constitute  tral and ionic fluorine species. The much reduced relative
larger fractions of the total ion flux incident at the electrode,fluorine fluxes observed here are consistent with previous
12% and 11%, respectively. With lower mass, sheathmeasurements that etch rates ingfasmas diluted with ©
accelerated Heis not as effective as Arto activate SiQor  are lower than those diluted with inert gases.
SisN, surfaces for reactive etching. Thus, the high fluxes of
atomic and ionic fluorine are essential for maintaining high
etch rates in helium-diluted NFplasmas. Previous studies 4 C2Fs/ Oz plasmas
have demonstrated that;Si, etch rates in Nf/He plasmas To compare with conventional fluorocarbon PECVD
are close to those obtained in NRr plasmas and much chamber cleaning recipes, we also measured the relative ion
higher than those obtained inf /O, and CF/O, plasmas.  fluxes in 50 mol % GFg in O, plasmas. The results are plot-
Another interesting feature of helium-diluted NFlis-  ted in column 4 of Fig. 2. A complex set of molecular reac-
charges is the relatively high concentrations ofFN and  tions are manifested by a large variety of molecular ions. The
N, . Although masses 47 and 28 could also be from*SiF incident flux on the electrode is principally composed gf O
and Si", respectively, both isotope abundance analysis ang56%). CF; is the next most abundant ion at 25% of the total
OES analysis(see Sec. llI¢ support the assignment of flux. A multitude of other fluorocarbon and oxyfluorocarbon
N,F* and N to these masses, respectively. The presence afations are also observed, each constituting, at most, 4% of
N,F* and N, suggests that secondary reactions betweethe total flux. These observations are consistent with more
fragmentation products in the gas phase and/or gas—surfaegtensive analysis of £4-based dielectric etch plasm¥s.
interactions are more important in helium-diluted discharges. Our ion measurements reveal two important features of 50
The presence of NO, see Fig. 2, may be a by-product of mol % C,Fs in O, plasmas. First, F constitutes a very small
plasma—surface reactions. Alumina ¢@8%) is used in the fraction of the total ion flux'<0.5%). The relative concen-
reactor as an insulator. Oxygen, displaced when the alumingations of F or F, in C,Fs-based plasmas are much less
is subject to fluorine attack in the plasma, can then formthan those in any of the NFbased plasmas. These low con-
NO" during secondary reactions with fragmentation prod-centrations explain the much lower etch rates observed in

ucts. C,Fs-based plasmasSecond, it is also important to note the
high abundance of GFand other fluorocarbon cations in 50
3. Oxygen as the diluent for NF ; discharge mol % GFs/O, plasmas. Cracking of £ in the plasma

he thi | N h h . f th produces perfluorocompoundBFC3, such as CJ, which
The third column in Fig. 2 shows the composition of t € absorb strongly in the infrared and adversely affect the

ion flux for 25 mol % NF in O, plasmas. In contrast to inert o< radiation balance, thus contributing to the greenhouse
diluent gases, ©has a relatively large dissociative electron effect1?

capture cross section. Dilution with electron-attaching gases
such as @increases the electronegativity of N&ischarges.
As a result, discharge above 0.75 Torr at 60 W rf power inB. lon energy distribution functions ~ (IEDFs)
25 mol % NF in O, plasmas could not be sustained. .
. . In order to understand the plasma—tool surface interac-
In oxygen-diluted plasmas, a different set of molecular,. . .
L S . . tions, we must characterize not only the relative concentra-
excitation, ionization, and dissociation pathways replaces th

. . : . d ﬁons of the ions, but also their energy distributions. For each
electron-driven inert gas reactions in the previous two types

of plasmas. The ionization potential of,312.07 eVf is ion energy distribution, we are concerned with two key char-
Iowl?er than .that of N§ (~14peV) Consé ueﬁtl a large acteristics: the average energy, which reflects the total en-

: " o ) d Y 9 ergy deposition rate on the tool surfaces, and the intensity of
fraction cif Q, (28% is detected, along with a smaller frac- the high-energy component of the incident flux, which af-
. 5 ion is NO whi ,
Eznfg:rr?ed(?rg’%Zlingirabrzg?:zg;f T);Stweer\:v ?r:ceh O(I::S htfeCtS sputtering rates. Figuregab-5(d) show variations of

y 9"9EDFs with pressure for one of the principal ions in each of

products of the feed gases. N@an also be produced from

ionization of NO, which is a stable molecule that can bethe four plasmas investigated. Three general trends emerge

formed in secondary reactions. With an ionization potentialfrorn the data:

of 9.26 eV, NO can be readily ionized in the plasma. OES(1) the shapes of the IEDFs evolve from the bimodal struc-
measurements from these discharges show progressions of ture to a single peak structure as the pressure increases;
NO emissiongsee Sec. Il ¢ corroborating our relative ion (2) the average ion energies decrease and the IEDFs shift
concentration measurements. toward lower energies as the pressure increases; and

In sharp contrast to inert gas-diluted NElasmas, Nk (3) the IEDFs shift toward lower energies as the electro-
makes up only a small fraction of the total positive ion flux negativity of the discharge increases.
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Fic. 5. lon energy distribution function variation with pressure for one of the principal ions in the plagndi; in 25 mol % NF; in Ar; (b) NF; in 25

mol % NF; in He; () NO* in 25 mol % NFR in O,; and(d) O5 in 50 mol % GFg in O,. Data were taken every 0.2 eV. The accuracy of the energy
measurement provided by the Hiden EQP probe-@s5 eV. Error bars shown the results from repeated measurements made on different days and largely
reflect the variability of the process chamber conditioning, which is often referred to in the industrial community as chamber drift.

Similar behaviors have also been observed in capacitivelpowered electrode sheath, the bulk plasma, and the grounded
coupled Ar and SEplasmas?’-??All three trends are mani- electrode sheath, decreasing sheath impedahcand in-
festations of changes in plasma impedance, and we can cagreasing bulk resistandg,, as pressure increases, leads to
relate the trends observed here with plasma |mped_a71nce Mefcreased bulk rf voltag®,, and decrease of sheath rf volt-
surements in previous studies of Nbased plasmas.” To ~ageV,. Such changes X, andV, as a function of pressure
facilitate our analysis, we outline three fundamental physical ;e been observed experimentally in 25 mol %, M, 7
processes as pressure a;md electronegativity change. as well as other plasma&:2® In addition, the decreas@r
B - _— 0 1

(1) Previous studies” of 25 mol % NR/Ar plasma_s constriction) of sheath widtts as pressure increases has been
have shown that as the pressure increases, the plasma imp ‘ectly observed by spatially resolved OB
ance changes from a sheath-dominated, more capacitive re- . . . j

(2) At higher pressure, the inelastic electron-heavy par-

gime to a bulk plasma-dominated, more resistive regime. A? . . ) .
. . . . icle collision rate increases, leading to a decrease in electron
the pressure increases, the ions experience more collisions in

30 L
the sheath. This increase in collision rate hinders the acce}_emperatureTe. Lower T leads to lower rate of high

eration of ions across the sheath, resulting in increased iop <9y eIectron; escaping to the refictor wall. In other words,
charge density in the sheath, which, in turn, reduces sheaffj€re is less positive space charge in the _plasérlna_at Bwer
width s and sheath impedancg,. Sheath modef have | NS in turn leads to lower plasma potentigf.™ Since the
shownZ,cp~ Y2 wherep is the pressure. The bulk plasma d¢ voltage drop across the grounded electrode shegth
impedance, on the other hand, has an opposite dependenee/p,, Vs also decreases as pressure increases. Decrease of
on pressure. In the bulk, higher pressure induces more freglectron temperaturd, with increasing pressure has also
quent electron collisions, resulting in higher resistaRge  been confirmed by our OES analysis, as discussed in Sec.
In fact, |Z,|~R,*ve*p, wherev, is electron collision fre- Il C.

guency. Since the rf driving voltage is divided across the (3) At fixed power, the electron density, decreases as

JVST B - Microelectronics and  Nanometer Structures
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plasma electronegativity increases. Since bulk plasma resi®oththe ion transient timer, (or 7,1/7,,) andthe amplitude
tance is inversely proportional to electron densifg, of the rf sheath voltag®/,. The double-humped, bimodal
«n, ', increased electronegativity also leads to an increaseEDFs observed at lower pressures in & and NRy/He
bulk plasma resistance and corresponding decreases in bailscharges implies that a fully collisional sheath has not de-
rf sheath voltag&/s,® and in plasma potentid,.>* Thus, at  veloped in these cases.

a fixed power density, increased electronegativity can lower Even though Eq(5) represents a collisionless description,
the energy spectra of ions impinging upon the electrodest serves well as a starting point for understanding the evo-
Note that a similar reduction in incident ion energies can bdution of the IEDF shapes observed in the collisional plasmas
achieved by raising the pressure so as to increase ion collstudied here. As outlined in the fundamental processes
sions in the sheath. In the results presented below, the effeciove, increasing pressure and/or increasing electronegativ-
of both increased electronegativity and of increased Pressuig, |eads to decreasing &fs, Vs, ands. The effect of de-

are observable. creasingV, and V dominates the effect of decreasisg

These fundamental physical processes provide the guidgrcreasing ofAE as pressure and/or electronegativity in-

”rr‘]e f((j)r Us o unfderstand the IEDFs obsderxeddin this SCtjUd%’_creases. Coupled with decreasing ion energies as a result of
The decrease of average ion energy and the downward s %Ilisions in the sheath, we find that IEDFs evolve from

of IEDFs with the increase of pressure and/or eIeCtronegatinouble-humped bimodal shapes to single-peak unimodal

'C?/’ ats noted in genenfal dtrend@ andh(S)ﬂ?pove, are the shapes as pressure and/or electronegativity increase. This
Irect consequences of decreasing shea mpgc%g]cm- general trend is observed in our data. We note that the high-

creasing bulk plasma resistanBg, and decreasing plasma energy portion of the IEDF in 25 mol % NFAr at 1.25 Torr

p0$gtfrl]\ég}s?§n3u2;]n;nd 'ensﬁgoiﬁessffg a:sd g’? t?mzorngs Wrepresents an exception to the general trend. This may result
9 . pes. '’ “ffom an anomaly in the extensive tuning procedure required
need to understand the dynamics of the ion transport pro- )
: -at each pressure and each gas mixture for measurement of
cesses across the sheath. Extensive sheath mOdeI'T@DFs at each ion mass
studie€®~2>32-38ynder various conditions provide the in- '

sights into these ion transport processes. A recent review AOS shown in F|g§. Ga)—S(d),olon energies observed in 25
article by Kawamuraet al3® gives a heuristic and compre- mol % NFy/He and in 25 mol % NE/O, plasmas are much

: 0 "

hensive overview of the subject. For the low-frequency, col-:cévéir tharzlsthosleo/lnNZS/'{T '\J“"FA(‘; .plaztssmasi Ol/n Sd%t'onl’ the

lisionless regime(ri,,<7¢, Where 7, is the ion transient S Ih 25 mo k(;I E ﬂ? and |n50 mlc:] ; OE/ IZ plas-

time across the sheath, amg is the rf cycle timeg, the ions mﬁs are Eomﬁaratheto 0sé 'E , m(f) déng t2 P asmzs.

cross the sheath in a small fraction of a rf cycle and respona- € resuits show that proper cholce of diiuent gas and pres-
~ sure can significantly lower the ion energies inNfased

to instantaneous 1f sheath voltayg. This leads to the lasmas. Corresponding electrode damage levels then should
double-humped, bimodal structure for the IEDF reported b)P ' P 9 9

Woodworthet al. and otherg®“where the two peaks in the be comparable to those obtainable witkFgbased cleaning

: . . lasmas.
IEDF correspond to the maximum and the minimum in the i S . . . .
sheath voltage. One objective of this study was to identify mechanisms to

In the high-frequency, collisionless regimegs7), the reduce or to eliminate the flux of higher-ener@pove, say,

effect of rf sheath voltags, is confounded by averaging 15 eV) ions incident at the reactor electrodes while simulta-

over several rf cycles. Assuming a Child—Langmuir space—mEOUSIy maintaining an acceptable etch rate. Figufissetnd

L 5(c) show that this can be accomplished withJ\ffscharges
charge sheath electric field, and the sheath voltage diluted with either He or © operated at relatively high pres-

VS(t)=VS+T/Ssinwt, (3) sures, p=0.75Torr. Figure &) shows that comparably
“soft” IEDFs can also be produced in 50 mol% fraction
C,Fg/0, discharges if operated at slightly higher pressures of
1.5-2.0 Torr.

As discussed above, electronegativity increases progres-

WherevS is the dc sheath voltaggv’,S is the amplitude of the
rf sheath voltage, ané=2+f, Benoit-Cattin and Bernatd
and Kawamuraet al3 have derived the following form for

the [EDF: sively through Figs. & —-5(d) as energy partition pathways
dn  2n, — change and as more negative ion forming moleculeg @@e
f(E)= dE  oAE 1-3g2 (E—evy) (4 added. Both negative ion formation and increased sheath col-
lisionality, resulting from increased pressure, drive the IEDF
and toward lower energies. For highly collisional, high-pressure
SeVS ZeVS 172 4e§/3 . eIec_tronegative _discharges with relatively sma_II sheath po-
=— = —1, (5)  tential drops, Figs. ®) and 3d), nearly Gaussian IEDFs
3sw |\ M 7\ Tion

peaked near zero energy are obtained. Thus, loss of discrimi-
wheren, is the number of ions entering the sheath per unithation for low-energy ions does not appear to be a problem
time, ands is the time-averaged sheath width. Equatidh  even for fluorocarbon discharges which have the potential
predicts a double-humped, bimodal IEDF with two peaksfor surface charge buildup on the EQP’s collection orifice.
symmetric aboueV, and the separatiodE given by Eg. The IEDFs in this work are for ions incident upon the
(5). The second part of Eq5) shows thatAE depends on grounded electrode surface. IEDFs at the powered electrode
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Fic. 6. DC self-bias of the powered
electrode in the plasmas. Error bars on
—— NF,/O, all data points are-5 V, as shown for
the data points at 1.75 Torr.

DC Self-Bias (V)
=
(=]

-160 ! —x.. CFJO,

0 0.5 1 15 2 25

Pressure (Torr)

surface also depend on the dc self-bias and the rf voltagRF,-based plasmas, the bands in thedecond positive sys-
across the powered electrode sheath. Figure 6 is a plot of them (C °11,— B 3[14)*+“2 are readily observed.

dc self-bias as a function of reactor pressure in the four plas- |n 25 mol% NR/He plasmagFig. 7(b)], some vibra-
mas. In general, the more electronegative the discharge, th®nal bands of the @ first negative system HZEJ
less negative the dc bias. As shown in Fig. 6, increasing_xzz+) are observed in addition tos\bands. On the other
reactor pressure makes the dc bias less negative, hence, Feind, tghe characteristic Si 288.2 nm line and the &i§ys-
ducing the energy of the ions traversing the powered elect-em (A5 — X 2I1)*142 petween 430 and 450 nm are not

trode sheath. We can thus infer that conditions that minimiz%bserved in the OES. Therefore. the OES data corroborate
the ion energy at the ground electrode surface can also "fhe finding of relatively higher concentrations of, Nand
duce the ion energy at the powered electrode surface. N,F* in 25 mol% NR/He plasmas measured by the EQP
. . 0
As was Po'f“e" (.JUt in Sec. Il A apove, 25 moI_A)g\lHe_ .mass spectrometer. Since there was no wafer in the reactor,
plasmas provide higher concentrations of atomic and |0n|<%he absence of Si and SiBpecies suggests that etching of

fluorine species, and have much higher etch rates thBg, C the quartz windows of the reactor is not a serious problem
or CF-based plasmas. At the same time,;Nfe plasmas . ’
4 P 3 P In 25 mol % NF;/O, plasmadgFig. 7(c)], the NO y sys-

produce much lower ion energies and, consequently, less X
damage to electrode surfaces than dg M plasmas. Com- tem (A3 — X 2IT)*42 between2220 aznd i()‘g nm is ob-
bined with previous etch rate optimization studies, the ion>€ved. Some NQ3 systems B “II—X~“I1)™"* are also
concentration and ion energy measurements presented héfgarly observed. While NO can be a strong emitter under
show that Ni/He plasmas operated at higher pressures caffivorable conditions, the NO emission observed in Ao
be used to minimize PECVD chamber cleaning times, and dtl@sma is quite weak compared to other emitting species.
the same time, reduce ion bombardment damage of hardwa}ré“s implies that neutral NO concentration is limited by ion-

surfaces. ization and secondary reaction processes, such as NO
+F—NOF, etc. The NO optical emission supports our ion
C. Optical emission spectroscopy ~ (OES) measurement finding that secondary reactions between the

) o ) dissociation fragments are important chemical reaction path-
Optical emission spectroscofPES is a low cost and  \yays in 25 mol % NE/O, plasmas. This also suggests that
easy to implement diagnostic technique. OES data can cofgnization of NO is a viable pathway to produce NQas we

roborate and complement the results of other diagnostic megy, e dgiscussed in ion concentration analysis. Another promi-
i the OES data can be conelated to the rends observed TET fealire here is theOfirst negative systemi('=,
= a“ll,).**? Bands in the @ first negative system are

ion energy measurements. Figuréa)Z7(d) show the OES complex, and cannot be fully resolved in our spectrum. Nev-

T o o " enthless, we can enty e overpyS) (5.4, 53,
' (4,2, (3,2), and (2,0 bands centered around 526 nm, the

1. Identification of the atomic and molecular species (2,1 and(1,0) bands centered around 560 nm, and (thé&)
in the plasmas and (0,0) bands centered around 600 nm. This confirms our

Prominent atomic fluorine, argon, helium, and oxygenfinding that q is one of the most abundant ions in the
lines are readily identified in the OES. Analysis of theseplasma.
atomic emissions will be presented in the following subsec- The most prominent molecular emission in the 50 mol %
tions. We identify other emitting species here to corroborateéC,Fs/O, plasmal[Fig. 6(d)] is the CO angstrom system
our earlier relative ion concentration analysis. In all three(B*="—AI).*2 The GF4/O, plasma OES has con-
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gested bands and continuous background, indicating cominometry Eq.(6) in NF5/Ar plasmas over a wide argon mole

plex neutral and ionic species in the plasma. fraction range(4%-95% at 0.35 Torr’® Donnelly et al.
showed excellent agreement between fluorine densities de-
2. Estimate of atomic fluorine densities by actinometry termined by actinometry and fluorine densities determined

Table | lists some prominent atomic fluorine, argon andPy downstream chemiluminescent titration reaction of fluo-

helium emission lines observed in our OES. Data in Table fin€ atoms with added ¢ _
are taken from the NIST Atomic Spectroscopic Datafdse. Adopting the same approach, we calculated the atomic
The Grotrian diagrams for the selected atomic energy level§uorine densities in NE/Ar plasmas normalized to 1 Torr.
and transition wavelengths are also plotted in Fig. 4. Coburr] N€ results are shown in Fig. 8. We also plotted in Fig. 8 the
and Cheff* first applied actinometry to determine atomic normalized SjN, etch rates determined by previous studies.

fluorine densityng by The correlation between atomic fluorine density and etch rate
is evident. This is consistent with our ion concentration
NENarl F70g M ar(750) (6) analysis. Increasing pressure enhances fluorine production
whereny, is the atomic argon density¢(o4 is the OES — and, hence, increases etch rate.
intensity of atomic fluorine transition 22p*(*P)3p 2P5), Despite the direct experimental verification by Donnelly

—25%2p*(*P)3s 2P, at 703.75 nm, antly7sp) is the OES et al. and by the unequivocal correlation shown in Fig. 8,
intensity of atomic argon transition s33p°®  there may be some lingering concerns over the applicability
X (2P1,,)4p 4 1/2])o—3s23p°(?P,,,)4s2[1/2]; at 750.39 of the actinometry Eq(6) to large argon mole fractions:
nm. Actinometry Eq.(6) assumes bothg 704y and I o750 radiation trapping may distolt(7sq) intensity measurement,
transitions arise from electron-impact excitation of groundand metastable argon atoms may be excited into the upper
electronic state atoms, and that the cross sections for bostate [3s23p®(?P;,,)4p?[1/2],], hence, contributing to
processes have similar energy dependence. Coburn and Chleg7sp)- To address these concerns, some further discussion
used a small percentag&%—2%) of argon in CR/O, plas- is warranted here.

mas so as not to perturb the g0, plasma that they inves- (1) The lower state of the argor .75 transition,
tigated. Later, Donnellet al. verified the validity of the ac-  3s?3p°(°P;,,)4s?[1/2];, has a radiation lifetime of only 2

TaBLE |. Selected atomic transitions in Mbased chamber cleaning plasmas.

Wavelength Ex E;
Atom (nm) Upper statgk) (eV) Lower state(i) (eV)
Ar | 420.07 3s23p5(2Py,,) 5p 2[5/2]5 14.50 3s%3p5(2P,)4s 2[3/2], 11.55
Ar 750.39 3s23p5(2Py,0)4p 2[1/2], 13.48 3s23p5(%P)4s [ 1/2]; 11.83
Hel 587.56 53d 3D, 23.07 1s2p 3P} 20.96
Fi 703.75 2522p*(3P)3p 2Py, 14.75 x22p*(3P)3s 2Py, 12.99
(o) 777.42 222p%(4s°)3p °P, 10.74 25%2p3(S°)3s°S, 9.15
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14 R NF JAr oton rato S~ out in Sec. Il A, metastable states Hbhave enough energy
i 3 / ] to dissociate Nfand produce excited staté Ehrough pro-
2 1.2 | 77 NF /He etchrate . cesses such as E@). In fact, Eq.(2) has been proposed as
E= a possible cause of the anomalously high fluorine OES in-
g Lok 1  tensities in Ng/He plasmas’ The anomalously high fluo-
é g 0 1 rine OES intensities can lead to overestimated atomic fluo-
é g r 1 rine densities using thég(7o4)/1 He(sss) ratio. However, by
% 3 081 1 normalizing fluorine densities to that at 0.5 Torr, the effect of
£ = i He* is partially canceled out. Hence, we observe the trend of
> g 0.6 ] increasing relative atomic fluorine density in 25 mol %
s Z 1 o NF /Ar fluorine denelt NF;/He plasmas as pressure increases. Similar tg/Af-
E 04 - g dorine ensty plasmas, increasing atomic fluorine density also correlates to
Z I —&— NF /He fluorine density | the etch rate increase in NfHe plasmas.
L ' L y L L L L 1 L . L L 1 L L L
02 0 025 0.5 0.75 1.0 125

Pr T ) . . .
sssure (Tor) 3. Correlation of argon OES intensity ratio to plasma

Fic. 8. Normalized atomic fluorine densities determined by actinometryelectron temperature
compared to relative etch rates. Atomic fluorine density was normalized to Donnelly and his colleagues have developed trace rare-
the vglues at 1 Torr for 25 mol % NFEn Ar and_ to 0.5 Torr for 25_ ‘mol % gas optical emission spectroscoﬁSRG-OES in Clz-based
NF; in He. SgN, etch rates for these two discharge compositions were 8-51 ;
normalized to etch rate values at 1.1 and 0.5 Torr, respectively. etch plasm_aé. Smal_l percentages of each Qf the five rare
gases are introduced into the plasma. By fitting all the rare-
gas OES line intensities, Donnelét al. were able to deter-

ns!® The frequency of the transiton from the mine the electron temperatufg, and the electron energy
3s?3p°(?P;,,)4s 7 1/2]; state to the ground state is several distribution function(EEDF). Guided by their approach, we
times higher than those of the transitions from higher-energgeek to ascertain qualitative trendsTg from argon OES
states to the &€3p°(°P},,)4s?[1/2]; state. Since the Ein- line intensities in 25 mol % N§7Ar plasmas without adding
stein coefficientsA;, for spontaneous emission are propor-other rare gases.
tional to the third power of the transition frequencies, the rate  The argon 3%3p°(?P5,)5p [ 5/2]3— 35?3p°(?Py))
coefficient of depopulating the s33p5(?P,,)4s?[1/2];  4s?[3/2], transition at 420.07 nm originates from an upper
state by spontaneous emission is faster than the rate coeffitate of 14.50 eV. This is 1.02 eV higher in excitation energy
cient of populating the state by spontaneous emission frorthan 13.48 eV for the 750.39 nm transition. When the plasma
higher-energy states above it. Steady-state population of thelectron temperaturé, decreases, the number of electrons
3323p5(2P°1,2)4s 2[1/2]; state cannot be maintained by ra- with E>14.50 eV decreases more rapidly than the number of
diation pumping. At 11.83 eV above ground, thermal excita-electrons with E>13.48eV. Consequently, the electron-
tion contributes negligibly to the $3p3(?P,,)4s?[1/2];  impact excitation for the 420.07 nm transition is suppressed
state population. Therefore, we conclude that there are nagnore than that for the 750.39 nm transition wheg de-
enough atoms in thes83p5(?P;,,)4s[1/2]; state to cause creases. This means that the ratio of the OES intensities at
radiation trapping even with pure argon at a few Torr pres420.07 and 750.39 nnhaya20)/1 ar(750), decreases &g, de-
sure. creases.

(2) By analyzing optical emission spectral line shapes, Figure 9 is a plot of fractional decreasel@fzo) /! ar(750)
Gottscho and Donnelfy have shown that both Arand P as a function of pressure in 25 mol % NAr plasmas. Also
in CF,/O,/Ar plasmas are created by electron-impact exci-shown in Fig. 9 is the fractional change in the dc sheath
tation of ground-state atoms, hence, actinometry is valid. IrvoltageV, at the grounded electrode, which we determine as
addition, the minor effect of metastable state excitation cathe mean energy between the double peaks of the bimodal
be at least partially canceled out by normalizmgmeasured IEDFs for NF, plotted in Fig. %a), or as the peak energy for
at different pressures. The normalizéc., relativeé atomic  unimodal IEDFs® As we discussed in Sec. II1 B, increasing
fluorine density is plotted in Fig. 8. pressure leads to decreased Decreased . leads to lower

In summary, we believe actinometry E@) can be rea- plasma potential and, consequently, decreased mean ion en-
sonably applied to plasmas with large argon fractitif€as  ergies at the grounded electrode. Therefore, by monitoring
has been experimentally confirmed by Donneks\al. changes in the OES intensity ratig420)/l ar(750), W€ can

For 25 mol% NR/He plasma, we used the ratio of infer changes in the mean energy of ions incident onto the
I £(704)/ | He(s88) tO €stimate atomic fluorine density. The esti- hardware interior surfaces. Given the low cost and easy
mated fluorine densities are normalized to the density at 0.bnplementation of the OES on commercial plasma process-
Torr. The results are also plotted in Fig. 8, along with nor-ing tools, the correlation betweenz0)/l ar750) @and Eqyg
malized etch rates in 25% NFHe plasmas from the previ- established in this study provides a powerful practical tool
ous study. The use of actinometry with7o4)/l 4588y I for ion energy optimization in Nf-based chamber cleaning
NF;/He plasmas does indeed have complications. As pointedlasmas.
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