Tantalum etching with a nonthermal atmospheric-pressure plasma
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Tantalum was etched in a downstream, atmospheric-pressure plasma. In this process, etching
occurred without significant ion bombardment. An etching rate 0f6.6 xm/min was achieved

using 14.8 Torr oxygen, 22.4 Torr carbon tetrafluoride,#30rorr helium, 685 W radio frequency

power at 13.56 MHz, and a film temperature of 300 °C. The etching rate increased with the applied
power, carbon tetrafluoride pressure, oxygen pressure, and residence time of the gas between the
electrodes, indicating that the surface reaction depends on the density of reactive fluorine species
generated in the plasma. X-ray photoemission spectroscopy revealed that the etched surface was
covered with tantalum fluoride and to a lesser extent, tantalum oxide. Based on these observations,
a mechanism for tantalum etching is proposed which involves the reaction between fluorine atoms
and the adsorbed tantalum fluoride. ZD00 American Vacuum Socief$0734-210000)01806-9

[. INTRODUCTION IIl. EXPERIMENTAL METHODS

Thin films of tantalum have been used for several pur- The experimental apparatus has been described in a pre-
poses in solid-state electronic devices. Consequently, etchingous publication'’ It consists of two concentric metal elec-
processes have been developed to pattern these films int@des 15.0 cm in length. The inner electrode was 1.27 cmin
useful device structurés® Tantalum etching is also of inter- diameter and was biased with a radio frequefrty power
est for the decontamination and decommissioning of nucleafupply at 13.56 MHz. The outer electrode was separated
waste?*® A number of researchers have investigated the drjrom the inner electrode by a gap 0.16 cm and was grounded.
etching of tantalum and related compounds in low-pressurdhis electrode was equipped with a cooling jacket through
plasma reactors: 3%~ These reactors, while being well which water flowed at 20°C. The feed gas, consisting of
suited for semiconductor processing, have some disadva§arbon tetrafluoride, oxygen, and helium, was passed
tages in other applications. For example, a vacuum systeffirough the annular space between the electrodes, converted
can be expensive and difficult to use when the materials to béto @ plasma, and then directed onto a piece of polycrystal-
processed are |arge and contain surfaces that undergo Cdj—p.e tantalum foil located several millimeters downstream.
tinuous out-gassing. Therefore, we have decided to study thithe plasma exited through a nozzle 4.9 mm in diameter at 52
problem, and in this article, we present a report on tantalunk/min, or at a linear velocity of 46 m/gt 295 K and 1 atm
etching with a downstream, nonthermal atmospheric- The sample was positioned perpendicular to the flow on a
pressure plasma. stage containing two 250 W cartridge heaters attached to a

Recently, an atmospheric-pressure plasma has been devimperature controller. The temperature was measured with a
oped that produces a stable, homogeneous, capacitive di§lermocouple attached to the back of the sample. At atmo-
charge without any filamentary arts:??This discharge gen- SPheric pressure, the heat from the highly exothermic etching
erates approximately 1D charged particles per cubic reaction does not appreciably change the sample tempera-
centimeter at an electron temperature-d eV and a neutral  ture, because at steady state, this heat is transferred to the
temperature of 100-200°C, depending on the operatinQWEtaﬂ holder and the flowing helium gas. The amount of heat
conditions!®?? In this article, we examine the use of this transfer to the gas can be estimated by Newton's law of
source for tantalum etching. The effect of the process condico0ling: q=hAAT, whereA is the etching areaAT is the
tions on the reaction rate has been determined. In additiodémperature change, aridis the heat transfer coefficient
the plasma and metal surface have been probed by optick~50 kcal/nfh°C).>* Assuming an overall reaction of
emission spectroscopy and x-ray photoelectron spectroscop§f+ Ta—TaR;+510 kcal/mol, an etching rate of Am/min,
respectively. It is observed that the metal becomes highland no heat transfer to the sample holder, a thermal energy
fluorinated during etching, a phenomenon which is not Obbalance erIdS a maximum temperature rise of 37 K. In this
served in low-pressure plasma reactbt.An etching calculation, conduction between the sample and holder has
mechanism is proposed based on the experimental results been neglected, because the contact between the two is not

known with certainty. Nevertheless, neglecting this contribu-
author to whom correspondence should be addressed: electronic maifion to the heat loss yields a conservative estimate of the
rhicks@ucla.edu temperature rise. Thus, the temperature of the tantalum sur-
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face was slightly higher than the value measured by the ther- 3.5

1 1 1 H 1
mocouple(i.e., 500—650 K, but well within 37 K, or a maxi- 30k <§—unstable { { i
mum error of 7.4%. @ I
Etching was restricted to a circular area 65.7 friog an g 2 =]
aluminum mask. The tantalum foil was 99.95% pure with a E 20F .
thickness of 12.7um and a density of 16.6 g/cinAlpha < 15F . -
Aesar, Stock No. 14266 The etching rate was determined = ok o]
by measuring the time it took to punch through the foll, i Loy
which varied from 2 to 25 min. The etching rate was fairly S 05 -~ unstable =~
uniform since the entire area was removed within 10 s after Bogoled v v v v 0
the hole first appeared. Consequently, the experimental error 200 300 400 500 600 700
in this technique was less than 10%. RF Power (W)

The reactive species generated between the electrodes _ ' N
was identified by optical emission spectroscopy. Spectr&'G- 1. Dependence of the etching rate on applied po#re conditions
llected ith h t . d ith were 15.5 Torr Cf, 14.2 Torr Q, 725+5 Torr He, 250 °C sample tem-
were collected wi . a monochrometer qulppe wi aperature, and a nozzle-to-sample distance of 3)mm.
charge coupled device camera, at a resolution of 1 A, and
using an entrance slit 0.15 mm in width. A mirror, mounted
5 mm downstream of the electrodes, collected all the light

emanating from the plasma and directed it through a lens an@fating window, the etching rate increases rapidly with the
into the entrance slit. applied power. A log—log plot of the data yields the follow-

; ) 2.
The tantalum surface composition before and after etchind dependence of the rate on powRgici* P’ These data
ing was analyzed with a PHI 5000 x-ray photoemission SloeCshow that the production rate of reactive species within the
trometer(XP9), equipped with a hemispherical analyzer andPlasma strongly influences the etch rate of tantalum placed

a multichannel detector. Spectra were recorded at a take-offownstream of the source. _ _
angle of 55° with respect to the sample normal usind<Al The dependence of the tantalum etching rate on the partial

x rays and a pass energy of 23.5 eV. Surface measuremerREESSUre c.)f. carbon tetrafluoride is shown in Fig. 2. The pro-
were madein situ, in which the sample was transferred di- €€SS cond|t|orows were 500 W rf power, 11.4 Togr, 335+ 10
rectly to the XPS without air exposure, aed sity in which 10" He, 300 °C sample temperature, and a nozzle-to-sample
the sample was exposed to the laboratory air during transféistance of 3 mm. The reaction rate increases linearly yvnh
from the plasma reactor to the XPS. Thesitu measure- (he CF pressure up to 20 Torr. Beyond this value, arcing
ments were made with the plasma jet installed in an ultra®ccurs and the plasma can no longer be operated. Presented
high vacuum chamber that was connected to the analyticd! Fi9. 3 is the dependence of the etching rate on the oxygen
chamber via a planetary sample-transfer systemfter partial pressure. The process conditions in this case were 300
mounting the sample in the vacuum chamber, it was back¥V If power, 15.5 Torr Cf, 735-10 Torr He, 300 °C sample
filled with argon from 5<10°7 to 760 Torr, and the sample t€mperature, and a nozzle-to-sample distance of 5 mm. A
was etched for 5 min with a carbon tetrafluoride, oxygen,SUdde” rise in the etching rate is recorded as the oxygen
and helium plasma. Then, the chamber was pumped out afRfessure is raised from 0 to 5 Torr. Then the rate levels off at
the sample transferred to the XPS for analyBis.situetch- ~ 2:0 #m/min as the @ pressure is increased from 5 to 20
ing was carried out in a small reactor that was backfilled withTO!T- Injection of oxygen into a 'C,Fplasm%gos known to
helium from 0.02 to 760 Torr before turning on the p|asma_accelerate the production of fluorine atofié®*°Therefore,

The etching reaction was carried out for 5 min under thghe behavior exhibited in Figs. 2 and 3 indicates a direct

same operating conditions as in thesitu case. Then the
tantalum sample was removed and carried across the room to
a loadlock, where it was mounted on a holder and transferred 25 ——T——T——T——1

to the XPS system. = i {
E 20} .
ll. RESULTS € . '
3 15F -

A. Effect of process conditions on etching rate ® i
S 10} .
The effect of the rf power on the tantalum etching rate is i 5 )
shown in Fig. 1. The process conditions were 15.5 Torg,CF é 05} -

14.2 Torr Q, 725+5 Torr He, 250 °C sample temperature,
and a nozzle-to-sample distance of 3 mm. With these rela- 0-00 : ; : 1'0 : 1'5 : 2'0
tively high concentrations of carbon tetrafluoride and oxy- CF Patial P T

gen, the plasma flickers and begins to extinguish when the rf , Partial Pressure (Torr)

POWET 1S drOppEd_beIOW 300 W. On the other har?d' the_rke. 2. Dependence of the etching rate on,@artial pressure(The condi-

power cannot be increased above 650 W, otherwise arcingns were 500 W rf power, 11.4 Torr,Q735+10 Torr He, 300 °C sample
occurs and damages the electrodes. Within the allowable opemperature, and a nozzle-to-sample distance of 3)mm.
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Fic. 3. Dependence of the etching rate on the oxygen partial preg3ine. F‘II'Gh 5. D;Fendence gg(t)h\fv eftchlng r?fg SOQ the rg)file_l:to—sam%eofllsstance.
conditions were 300 W rf Power, 15.5 Torr £F735+£10 Torr He, 300 °C '(I'or‘re :'Zn e:r:gng,so\g?rce sam IerteprgW:rrétmré orgRL4TorQ,
sample temperature, and a nozzle-to-sample distance of % mm. ’ p p ’

correlation between the production rate of fluorine atoms irffom 200 to =200 V. This phenomenon can be explained
y the low charge flux (1 cn?/s) in the downstream

the plasma and the etching rate of tantalum placed in th8 g ) X '
downstream “afterglow” region. region.® The maximum etching rate that can be induced by

The dependence of etching rate on the gas residence tinfiS flux is less than 0.Jum/min, assuming one electron
between the electrodes is presented in Fig. 4. Here, the cofP'@'ge removes one tantalum atom. Since the etching rates

ditions were 300 W rf power, 15.5 Torr CF4, 11.4 Torr oxy- "ange from 0.5 to 6.Qwm/min, ions cannot be contributing

gen, 73%5 Torr He, 300°C sample temperature, and aSidnificantly to the process. _
nozzle-to-sample distance of 5 mm. A linear dependence be- 1he €ffect of the sample temperature upon the etching

tween rate and residence time is observed. These results fU@t€ is shown in Fig. 6. The process conditions were 300 W
ther show that the etching rate depends directly upon thd Power, 15.5 Torr Cl, 11.4 Torr G, 735:10 Torr He,

amount of reactive fluorine species, e.g., F atoms, generatétd @ nozzle-to-sample distance of 5 mm. The temperature
in the plasma, and not simply on the feed rates of Gfd of the plasma effluent gas is 225 °C, which establishes the

O, to the system. lower bound for this experiment. Upon raising the tempera-
The effect of the nozzle-to-sample distance on the tantali'® from 225 to 375°C, the etching rate increases slightly

lum etching rate is shown in Fig. 5. The plasma was operatefiom 0-9 to 1.5um/min. The apparent activation energy cal-

at 500 W rf power, 15.5 Torr GF 11.4 Torr Q, 7305 c;ula.ted from the slope of the line is 2:8.7 kcal/mole. .Ac-.

Torr He, and 300°C sample temperature. The etching ratgvat!on energies reported in the literature for reactive ion

decays nonlinearly with distance from the source. Out tft€hing gflotantalum at low pressure range from 0.7 t0 5.6

about 5 mm, the rate decreases only a small amount, where4§2/mol™

from 5 to 25 mm it rapidly drops to 0. It should be noted that

ions play a negligible role in the etching reaction, as conB- Optical emission spectra of the plasma

firmed in sample biasing experiments, in which no change in  sjnce this is the first report of tantalum etching with a

the etch rate occurred with varying the bias on the Ta foilnonthermal, atmospheric-pressure plasma, optical emission
spectra were collected to obtain a fingerprint of the chemical
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Fic. 4. Dependence of the etching rate on the residence time of the gas in
the plasma(The conditions were 300 W rf power, 15.5 Torr GA.1.4 Torr Fic. 6. Dependence of the etching rate on temperature between 225 and
oxygen, 73%5 Torr He, 300°C sample temperature, and a nozzle-to-375 °C.(The conditions were 300 W rf power, 15.5 Torr SF11.4 Torr
sample distance of 5 min. 0,, 735+10 Torr He, and a nozzle-to-sample distance of 5 mm.
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Fic. 7. Optical emission spectrum of the atmospheric-pressure plasma op-
erated with a carbon tetrafluoride, oxygen, and helium gas mixfuiee

conditions were 150 W rf power, 0.2 Torr €F3.1 Torr G, and 7555 o
Torr He) Fic. 8. Survey photoemission spectra of the tantalum surfagéefore

etching, (b) after etching within situ analysis, andc) after etching with
ex situanalysis.

species in the discharge. A spectrum recorded between 665

and 750 nm 1S shown in Fig. 7. The emission IS very V\_/eak ecordedin situ [Fig. 8b)] contains two additional peaks at
requiring integration over 3.0 s to obtain a reasonable signalssn and 685 eV due to the fluorine Auger ansllibes. In
to-noise ratio. The weak signal is most likely due to rapldaddition, the O & peak is much smaller than that recorded

collisional quenching of the excited species at atmospheri efore etching and the Gspeak is below the detection limit.
he spectrum obtainee situafter etching is similar to that

pressure. In this experiment, the conditions were 150 W r
power, 0.2 Torr Cf, 3.1 Torr Q, and 75%5 Torr He. obtainedin situ, except that the Cslpeak is now clearly

Intense bands are observed for electronically excited heIiuro- ;

isible at 285 eV.
atoms 31'D, 3s®Sand 'S (at 667.82, 706.52, 706.57, and
728.14 nny, fluorine atoms *D and 3?P (at 677.4, 683.4,
687.02, 690.25, 690.98, 703.7, 712.79, and 720.2%4 ory-

Listed in Table | is the composition of the tantalum sur-
face measured by XPS before and after etching. The compo-

3 1 3 sition was calculated using the atomic sensitivity factors pro-
gen atoms 4°D 3p'D and %°S (at 700.192, 700.223, vided by Physical Electronics for our hemispherical

71?'675' 27205'42’ 725.44, 2and5 223'45 )namd argon atoms analyzer. Before etching, the tantalum is covered mainly
35°3p*( P32’§)5d ar!c_i B 3p_ (.P1’2)4d (at 675.28 and with carbon(43.1 at. % and oxygen37.2 at. %. After etch-
696.54 nm. 1|nf\dd|t|on,3 emission from metastable oxygen ing, in situ analysis reveals that the metal is highly fluori-
molecules b .29 0, X 291 Q) is re9°r$’ed at 758_7_70 _nhated with a coverage corresponding to 73.9 at. % fluorine.
nm. The fluorine and oxygen atom emission observed in thig, 5 yqition, the adsorbed carbon is below 2.0 at. %, which is
study is qualitatively similar to that seen in a parallel-platethe detection limit of the spectrometer. These data show that

) . . o or .
d|scharge:2602|3erat|ng at 0.4 Tor_r with 92 VO_I % L&nd 8 a fluorocarbon polymer film is not deposited on the sample,
vol % O, .“><' These results confirm that fluorine and OXYgen .« is sometimes seen in low-pressure plasma et&HBpo-

atoms are produced from the carbon tetrqfluoride and_ OXY9€{yre to air immediately after etching causes the fluorine cov-
molecules fed t_o the plagma. Howevgr,_ since the. emission I(§rage to decrease by half and the carbon coverage to increase
due to electronically excited species, it is not straightforwar y nearly fourfold. Evidently, the fluorinated layer is suscep-
to calculate the ground-state concentrations of the atoms, e8hle to attack by molecules found in the ambient environ-
pecially for this highly collisional plasma. ment, such as water, hydrocarbons, and carbon dioxide.
Shown in Fig. 9 are high-resolution photoemission spectra
C. X-ray photoemission spectra of the tantalum of the tantalum 4s, and 4f, states. These spectra contain a
surface series of overlapping bands due to the presence of different

Survey spectra taken of the tantalum surface before and
after plasma etching are shown in Fig. 8. Here, the discharg? .

I A tion of the tantal ricee.
was operated at 500 W rf power, 15.5 Torr CR0.4 Torr A8LE |. Average compasition of the tantalum surfel
O,, 7305 Torr He, 250°C sample temperature, and a After etching
nozzle-to-sample distance of 5 mm. Before exposure, one

%.

El t Bef tchi in sit it
sees peaks at 1226 and 285 eV due to carbon Auger &ind 1 emen core erehing (in sty (xsi)
photoemission, at 978 and 532 eV due to oxygen Auger and Tantalum 198 5.3 26.0
1s photoemission, and at 57®, 465+3, 405+3, 24Q+2, oavgen 2 g 3
2302, and 254 eV due to tantalumds 4pi,, 4ps;2 Carbon 431 <20 15.1

4ds,,, and & photoemissior® After etching, the spectrum
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T T T T T TasLE Il. Percentage of tantalum that is contained within each chemical
state[ 100(Ta/XTa)].
State After etching
i (4f5),, 4f5peV) Before etching (in situ) (ex situ)
-
g T 5.2 7.5 19.4
(=) (20.9, 22.7
(@) Ta't 8.1 2.6 14.7
(21.7, 235
Ta*®0 86.7 32.3 15.0
(26.2, 28.0
Ta'*F, 0.0 31.2 36.0
(27.0, 28.3
30 25 20 Ta"F, 0.0 26.3 14.9
. . (28.5, 30.3
Binding Energy (eV)
Total: 100.0 100.0 100.0

supplied with the Multipak software. It should be noted that
the O & peak at 23.0 eV does not contribute significantly to
these spectra because its sensitivity factor is very low
(0.035.

Before etching[Fig. 9a)], three doublets are observed
due to T4, Ta'! suboxide or carbide, and Ta
oxide 31228303 he T3 4, binding energies for these three
states are 20.9, 21.7 and 26.2 eV, respectively. The! Ta
designation is provided to distinguish this feature fron},Ta
and is not meant to indicate the formal valence on the atom.
This band most likely arises from oxygen or carbon adsorbed
on tantalum, as distinguished from the bulk méfathown
in Table Il is the distribution of the tantalum among these
different states. These percentages have been calculated by

Counts

+4 Ta+5O (c) taking the ratio of the area under a particuldr,4 band to
“ 52 7 that under all the #,,, bands. Before etching, about 85% of
» T2’ 1 the metal atoms sampled by the spectrometer are present as

T Ta,O5. These results are consistent with previously pub-
lished data on tantalum foils exposed to %if:'°
After etching,in situ XPS[Fig. 9b)] reveals that there are
| two new Ta 4, peaks at 27.0 and 28.5 eV. These new
LEQs)|/ | Ty features are due to fluorina_lted tgntalum, and are assigned to
| A k"/ metal fluorides or oxyfluorides in the-4 and +5 valence
AAL 'y states->?® The distribution of tantalum among the different
e chemical species is shown in Table I, third column. Tanta-
33 . ?O 25 lum fluorides and oxyfluorides comprise 57.5% of the sur-
Blndlng Energy (CV) face sampled, whereas tantalum oxide comprises 32.3%. The
Fic. 9. Tantalum 4, and 4f 5, photoemission spectra of the metal surface remainder is divided between Tand T4 *. The Tak states
(a?.be-fore etcrl:ing(tzl)zafter etsc/:zh‘i)ng within :itu ai‘;lysis, andc) after et::Jh— appearing at blr,'dmg eperg|es a_bove that Ojoéaha\{e not
ing with ex situanalysis. been observed in previous studies of plasma etching of tan-
talum metaf!? Since there is a significant concentration of
tantalum fluorides on the surface, it is likely that the etching
tantalum oxidation states. The binding energy scale has begjtocess is limited by the surface reaction of fluorine species,
fixed by referencing the #,, peak for metallic tantalum, e g., F atoms, with this metal fluoride layer.
Ta®, to 20.9 eV??® Deconvolution of these bands was per- |n Fig. 9(c), the Ta 4 spectrum is presented for a sample
formed with the Multipak data analysis sufteEach indi-  exposed to room air after the etching reaction. The same
vidual chemical state yields a doublet split corresponding tehemical states are present on this surface as on the one
the 4f7;, and 4f 5, lines. These lines are separated by 1.8 eVanalyzedin situ, except that the relative intensities of the
and exhibit a fixed area ratio @¥r, /Ar, ,=4/3. The peak peaks have changed. Referring to Table II, column 4, the
shapes were determined using a Gaussian—Lorentzian modehtalum compounds in 5 oxidation states(Ta,Os and

Counts
-
=

/

A

0
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Ta">F,) have decreased, while the tantalum metal and Tdimation, since the boiling point of this compound is 230 °C,
compounds in lower oxidation states TaTa'!, and While the substrate temperature ranges from 225 to 375 °C. If
Ta'*F,) have increased. The changes to the Tapkctrum the reaction were limited by T@Fsublimation, the etching
caused by air exposure were reproduced for at least six me&ate would not be sensitive to rf power, £pressure, and
surements, and were found to be insensitive to the duratio@ias residence time, as observed. These results imply that the
of the exposure, which was varied from 5 min to 2 h. Thesenetal etching rate depends upon both the flux of F atoms to
data indicate that the chemical composition of the fluoridethe surface and the existence of the JaBrface layer.

layer on the tantalum surface is sensitive to the gas environ- Two alternative reaction mechanisms may be proposed
ment and exists in a higher average oxidation state under thghich are consistent with our resultg) The reaction may

flux of fluorine species generated from the atmospheric pregollow an Eley—Rideal mechanism in which gas-phase fluo-

sure plasma. rine atoms collide directly with the adsorbed metal fluoride
in the rate-limiting step
IV. DISCUSSION F(g)+TaFX<S>—>TaFX+1(S) . (1)

To summarize the results presented earlier, we observEhe subscriptg ands refer to gaseous and adsorbed species.
that the rate of tantalum etching at atmospheric pressur&€he production of Taf-may occur in this step, or in a later
strongly depends on the operation conditions of the gas disstep with a faster intrinsic ratgb) Fluorine atoms may
charge. In particular, the Ta stripping rate increases with riveakly chemisorb onto the surface, and then slowly react
power, CR concentration, @ concentration, gas residence with tantalum fluoride to make the reaction products
time between the electrodes, and sample temperature. The E F )
observed trends suggest that fluorine atoms are the active (@ ()
species responsible for etching the tantalum surface. For ex- Fo+TaF,g— TaF (g - 3
a_lmple, It |s.weII known that oxygen accele(ates the prpducin reaction(2), fluorine atoms adsorb on top of the metal
tion of fluorine atoms from carbon tetrafluoride by oxidizing : . .

CF, radicals into carbon oxides and F atofi2®3°0n the fluoride layer. Then they diffuse across the surface until they

other hand. the rate was unaffected by the sample bias fro collide with a Tak species in the rate-limiting step, reaction
1200 to—200 V. This is expected for ayhi h- respsure down-r&)' The latter mechanism is consistent with the results of
' P gh-p Machiels and Olande¥ who examined the reaction of fluo-

stream source, where essentially all the ions are consumed b% : .
rihe molecules with tantalum foil by modulated molecular

reactions prior to reaching the substrate. . . o
) . beam-mass spectrometry. An analysis of their data indicated
A number of studies have been published on tantalum ! . 2
. . . that the fluorine dissociatively adsorbs onto a scale com-
etching in low-pressure gas discharges <Q(5

Torn 1210-12.157 this case, the rate of tantalum etching de_posed of a tantalum subfluoride. Then the F atoms diffuse

’ . ; through the scale and react with specific sites to produce
pends on the gas composition, applied rf power, bias powe . .

aF;. In the case of tantalum etching with the downstream,
temperature, and total pressure. For,Gihd Q plasmas,

. : atmospheric-pressure plasma, further work is needed to de-

there is a complex dependence of the etching rate on the . . : .
o : . t{ermme which of the proposed reaction mechanisms domi-

oxygen pressure. Initially, the rate increases with the amounna,[es

of O, added, presumably because the O atoms oxidize away™

a fluorocarbon layer that inhibits the etching proc€sghen,

with further increases in the amount of oxygen fed to theV. CONCLUSIONS

plasma, the etch rate reaches a maximum and declines. Hsiao\ye have investigated the etching of polycrystalline tanta-
and Miller'® have proposed that at the higher oxygen con{ym foil with a nonequilibrium, atmospheric-pressure
centrations, the tantalum is converted into a tantalum OXid%lasma. Rates up to 6, 0m/min have been obtained in the
that exhibits a reduced etching rate. This chemistry does ng{sence of ion bombardment. The effects of the operation
appear to occur in the atmospheric-pressure plasma exargpnditions on stripping rates have been determined. An
ined herein. The XPS data reveal that no appreciable amougfa|ysis of the experimental results suggests that the etching

of carbon is deposited on the surface during etching. In adrate s fimited by the reaction of fluorine atoms with tantalum
dition, the surface is always covered with tantalum fluoride g ,pfluoride on the surface of the metal substrate.

regardless of the amount of oxygen fed to the plasma dis-
charge.
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