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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 of 6.060.5 mm/min was achieved
using 14.8 Torr oxygen, 22.4 Torr carbon tetrafluoride, 72065 Torr 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. ©2000 American Vacuum Society.@S0734-2101~00!01806-6#
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I. INTRODUCTION

Thin films of tantalum have been used for several p
poses in solid-state electronic devices. Consequently, etc
processes have been developed to pattern these films
useful device structures.1–8 Tantalum etching is also of inter
est for the decontamination and decommissioning of nuc
waste.9,10 A number of researchers have investigated the
etching of tantalum and related compounds in low-press
plasma reactors.1–3,10–16 These reactors, while being we
suited for semiconductor processing, have some disad
tages in other applications. For example, a vacuum sys
can be expensive and difficult to use when the materials to
processed are large and contain surfaces that undergo
tinuous out-gassing. Therefore, we have decided to study
problem, and in this article, we present a report on tanta
etching with a downstream, nonthermal atmosphe
pressure plasma.

Recently, an atmospheric-pressure plasma has been d
oped that produces a stable, homogeneous, capacitive
charge without any filamentary arcs.17–22This discharge gen
erates approximately 1011 charged particles per cubi
centimeter at an electron temperature of;2 eV and a neutra
temperature of 100–200 °C, depending on the opera
conditions.19,22 In this article, we examine the use of th
source for tantalum etching. The effect of the process co
tions on the reaction rate has been determined. In addi
the plasma and metal surface have been probed by op
emission spectroscopy and x-ray photoelectron spectrosc
respectively. It is observed that the metal becomes hig
fluorinated during etching, a phenomenon which is not
served in low-pressure plasma reactors.3,12 An etching
mechanism is proposed based on the experimental resu
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II. EXPERIMENTAL METHODS

The experimental apparatus has been described in a
vious publication.17 It consists of two concentric metal elec
trodes 15.0 cm in length. The inner electrode was 1.27 cm
diameter and was biased with a radio frequency~rf! power
supply at 13.56 MHz. The outer electrode was separa
from the inner electrode by a gap 0.16 cm and was ground
This electrode was equipped with a cooling jacket throu
which water flowed at 20 °C. The feed gas, consisting
carbon tetrafluoride, oxygen, and helium, was pas
through the annular space between the electrodes, conv
into a plasma, and then directed onto a piece of polycrys
line tantalum foil located several millimeters downstrea
The plasma exited through a nozzle 4.9 mm in diameter a
L/min, or at a linear velocity of 46 m/s~at 295 K and 1 atm!.

The sample was positioned perpendicular to the flow o
stage containing two 250 W cartridge heaters attached
temperature controller. The temperature was measured w
thermocouple attached to the back of the sample. At atm
spheric pressure, the heat from the highly exothermic etch
reaction does not appreciably change the sample temp
ture, because at steady state, this heat is transferred to
metal holder and the flowing helium gas. The amount of h
transfer to the gas can be estimated by Newton’s law
cooling: q5hADT, whereA is the etching area,DT is the
temperature change, andh is the heat transfer coefficien
(;50 kcal/m2 h °C).23 Assuming an overall reaction o
5F1Ta→TaF51510 kcal/mol, an etching rate of 1mm/min,
and no heat transfer to the sample holder, a thermal en
balance yields a maximum temperature rise of 37 K. In t
calculation, conduction between the sample and holder
been neglected, because the contact between the two i
known with certainty. Nevertheless, neglecting this contrib
tion to the heat loss yields a conservative estimate of
temperature rise. Thus, the temperature of the tantalum
il:
27990Õ18„6…Õ2799Õ7Õ$17.00 ©2000 American Vacuum Society
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2800 Tu et al. : Tantalum etching 2800
face was slightly higher than the value measured by the t
mocouple~i.e., 500–650 K!, but well within 37 K, or a maxi-
mum error of 7.4%.

Etching was restricted to a circular area 65.7 mm2 by an
aluminum mask. The tantalum foil was 99.95% pure with
thickness of 12.7mm and a density of 16.6 g/cm3 ~Alpha
Aesar, Stock No. 14266!. The etching rate was determine
by measuring the time it took to punch through the fo
which varied from 2 to 25 min. The etching rate was fair
uniform since the entire area was removed within 10 s a
the hole first appeared. Consequently, the experimental e
in this technique was less than 10%.

The reactive species generated between the electr
was identified by optical emission spectroscopy. Spe
were collected with a monochrometer equipped with
charge coupled device camera, at a resolution of 1 Å,
using an entrance slit 0.15 mm in width. A mirror, mount
5 mm downstream of the electrodes, collected all the li
emanating from the plasma and directed it through a lens
into the entrance slit.

The tantalum surface composition before and after e
ing was analyzed with a PHI 5000 x-ray photoemission sp
trometer~XPS!, equipped with a hemispherical analyzer a
a multichannel detector. Spectra were recorded at a take
angle of 55° with respect to the sample normal using AlKa

x rays and a pass energy of 23.5 eV. Surface measurem
were madein situ, in which the sample was transferred d
rectly to the XPS without air exposure, andex situ, in which
the sample was exposed to the laboratory air during tran
from the plasma reactor to the XPS. Thein situ measure-
ments were made with the plasma jet installed in an ul
high vacuum chamber that was connected to the analy
chamber via a planetary sample-transfer system.24 After
mounting the sample in the vacuum chamber, it was ba
filled with argon from 531027 to 760 Torr, and the sampl
was etched for 5 min with a carbon tetrafluoride, oxyg
and helium plasma. Then, the chamber was pumped out
the sample transferred to the XPS for analysis.Ex situetch-
ing was carried out in a small reactor that was backfilled w
helium from 0.02 to 760 Torr before turning on the plasm
The etching reaction was carried out for 5 min under
same operating conditions as in thein situ case. Then the
tantalum sample was removed and carried across the roo
a loadlock, where it was mounted on a holder and transfe
to the XPS system.

III. RESULTS

A. Effect of process conditions on etching rate

The effect of the rf power on the tantalum etching rate
shown in Fig. 1. The process conditions were 15.5 Torr C4 ,
14.2 Torr O2 , 72565 Torr He, 250 °C sample temperatur
and a nozzle-to-sample distance of 3 mm. With these r
tively high concentrations of carbon tetrafluoride and ox
gen, the plasma flickers and begins to extinguish when th
power is dropped below 300 W. On the other hand, the
power cannot be increased above 650 W, otherwise ar
occurs and damages the electrodes. Within the allowable
J. Vac. Sci. Technol. A, Vol. 18, No. 6, Nov ÕDec 2000
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erating window, the etching rate increases rapidly with
applied power. A log–log plot of the data yields the follow
ing dependence of the rate on power:Retch}Prf

2.4. These data
show that the production rate of reactive species within
plasma strongly influences the etch rate of tantalum pla
downstream of the source.

The dependence of the tantalum etching rate on the pa
pressure of carbon tetrafluoride is shown in Fig. 2. The p
cess conditions were 500 W rf power, 11.4 Torr O2 , 735610
Torr He, 300 °C sample temperature, and a nozzle-to-sam
distance of 3 mm. The reaction rate increases linearly w
the CF4 pressure up to 20 Torr. Beyond this value, arci
occurs and the plasma can no longer be operated. Prese
in Fig. 3 is the dependence of the etching rate on the oxy
partial pressure. The process conditions in this case were
W rf power, 15.5 Torr CF4 , 735610 Torr He, 300 °C sample
temperature, and a nozzle-to-sample distance of 5 mm
sudden rise in the etching rate is recorded as the oxy
pressure is raised from 0 to 5 Torr. Then the rate levels of
2.0 mm/min as the O2 pressure is increased from 5 to 2
Torr. Injection of oxygen into a CF4 plasma is known to
accelerate the production of fluorine atoms.25,26,30Therefore,
the behavior exhibited in Figs. 2 and 3 indicates a dir

FIG. 1. Dependence of the etching rate on applied power.~The conditions
were 15.5 Torr CF4 , 14.2 Torr O2 , 72565 Torr He, 250 °C sample tem
perature, and a nozzle-to-sample distance of 3 mm.!

FIG. 2. Dependence of the etching rate on CF4 partial pressure.~The condi-
tions were 500 W rf power, 11.4 Torr O2 , 735610 Torr He, 300 °C sample
temperature, and a nozzle-to-sample distance of 3 mm.!
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correlation between the production rate of fluorine atoms
the plasma and the etching rate of tantalum placed in
downstream ‘‘afterglow’’ region.

The dependence of etching rate on the gas residence
between the electrodes is presented in Fig. 4. Here, the
ditions were 300 W rf power, 15.5 Torr CF4, 11.4 Torr ox
gen, 73565 Torr He, 300 °C sample temperature, and
nozzle-to-sample distance of 5 mm. A linear dependence
tween rate and residence time is observed. These results
ther show that the etching rate depends directly upon
amount of reactive fluorine species, e.g., F atoms, gener
in the plasma, and not simply on the feed rates of CF4 and
O2 to the system.

The effect of the nozzle-to-sample distance on the ta
lum etching rate is shown in Fig. 5. The plasma was opera
at 500 W rf power, 15.5 Torr CF4 , 11.4 Torr O2 , 73065
Torr He, and 300 °C sample temperature. The etching
decays nonlinearly with distance from the source. Out
about 5 mm, the rate decreases only a small amount, whe
from 5 to 25 mm it rapidly drops to 0. It should be noted th
ions play a negligible role in the etching reaction, as co
firmed in sample biasing experiments, in which no change
the etch rate occurred with varying the bias on the Ta

FIG. 3. Dependence of the etching rate on the oxygen partial pressure.~The
conditions were 300 W rf Power, 15.5 Torr CF4 , 735610 Torr He, 300 °C
sample temperature, and a nozzle-to-sample distance of 5 mm.!

FIG. 4. Dependence of the etching rate on the residence time of the g
the plasma.~The conditions were 300 W rf power, 15.5 Torr CF4 , 11.4 Torr
oxygen, 73565 Torr He, 300 °C sample temperature, and a nozzle
sample distance of 5 mm.!
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from 1200 to2200 V. This phenomenon can be explain
by the low charge flux (1014 cm2/s) in the downstream
region.18 The maximum etching rate that can be induced
this flux is less than 0.1mm/min, assuming one electro
charge removes one tantalum atom. Since the etching r
range from 0.5 to 6.0mm/min, ions cannot be contributing
significantly to the process.

The effect of the sample temperature upon the etch
rate is shown in Fig. 6. The process conditions were 300
rf power, 15.5 Torr CF4 , 11.4 Torr O2 , 735610 Torr He,
and a nozzle-to-sample distance of 5 mm. The tempera
of the plasma effluent gas is 225 °C, which establishes
lower bound for this experiment. Upon raising the tempe
ture from 225 to 375 °C, the etching rate increases sligh
from 0.9 to 1.5mm/min. The apparent activation energy ca
culated from the slope of the line is 2.360.7 kcal/mole. Ac-
tivation energies reported in the literature for reactive i
etching of tantalum at low pressure range from 0.7 to
kcal/mol.3,10

B. Optical emission spectra of the plasma

Since this is the first report of tantalum etching with
nonthermal, atmospheric-pressure plasma, optical emis
spectra were collected to obtain a fingerprint of the chem

in

-

FIG. 5. Dependence of the etching rate on the nozzle-to-sample dista
~The conditions were 500 W rf power, 15.5 Torr CF4 , 11.4 Torr O2 , 73065
Torr He, and 300 °C sample temperature.!

FIG. 6. Dependence of the etching rate on temperature between 225
375 °C. ~The conditions were 300 W rf power, 15.5 Torr CF4 , 11.4 Torr
O2 , 735610 Torr He, and a nozzle-to-sample distance of 5 mm.!
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2802 Tu et al. : Tantalum etching 2802
species in the discharge. A spectrum recorded between
and 750 nm is shown in Fig. 7. The emission is very we
requiring integration over 3.0 s to obtain a reasonable sig
to-noise ratio. The weak signal is most likely due to rap
collisional quenching of the excited species at atmosph
pressure. In this experiment, the conditions were 150 W
power, 0.2 Torr CF4 , 3.1 Torr O2 , and 75565 Torr He.
Intense bands are observed for electronically excited hel
atoms 3d1D, 3s3S and 3s1S ~at 667.82, 706.52, 706.57, an
728.14 nm!, fluorine atoms 3p4D and 3p2P ~at 677.4, 683.4,
687.02, 690.25, 690.98, 703.7, 712.79, and 720.24 nm!, oxy-
gen atoms 4d3D 3p1D and 5s3S ~at 700.192, 700.223
715.67, 725.42, 725.44, and 725.45 nm! and argon atoms
3S23p5(2P3/2

0 )5d and 3S23p5(2P1/2
0 )4d ~at 675.28 and

696.54 nm!.25 In addition, emission from metastable oxyge
molecules (b 1Sg

1O2→X 3Sg
2 O2) is recorded at 758–770

nm. The fluorine and oxygen atom emission observed in
study is qualitatively similar to that seen in a parallel-pla
discharge operating at 0.4 Torr with 92 vol % CF4 and 8
vol % O2.26,27These results confirm that fluorine and oxyg
atoms are produced from the carbon tetrafluoride and oxy
molecules fed to the plasma. However, since the emissio
due to electronically excited species, it is not straightforw
to calculate the ground-state concentrations of the atoms
pecially for this highly collisional plasma.

C. X-ray photoemission spectra of the tantalum
surface

Survey spectra taken of the tantalum surface before
after plasma etching are shown in Fig. 8. Here, the discha
was operated at 500 W rf power, 15.5 Torr CF4 , 10.4 Torr
O2 , 73065 Torr He, 250 °C sample temperature, and
nozzle-to-sample distance of 5 mm. Before exposure,
sees peaks at 1226 and 285 eV due to carbon Auger ans
photoemission, at 978 and 532 eV due to oxygen Auger
1s photoemission, and at 57065, 46563, 40563, 24062,
23062, and 2564 eV due to tantalum4s, 4p1/2, 4p3/2,
4d5/2, and 4f photoemission.28 After etching, the spectrum

FIG. 7. Optical emission spectrum of the atmospheric-pressure plasma
erated with a carbon tetrafluoride, oxygen, and helium gas mixture.~The
conditions were 150 W rf power, 0.2 Torr CF4 , 3.1 Torr O2 , and 75565
Torr He.!
J. Vac. Sci. Technol. A, Vol. 18, No. 6, Nov ÕDec 2000
65
,
l-

ic
rf

m

is

en
is
d
s-

d
ge

e
1
d

recordedin situ @Fig. 8~b!# contains two additional peaks a
830 and 685 eV due to the fluorine Auger and 1s lines. In
addition, the O 1s peak is much smaller than that record
before etching and the C 1s peak is below the detection limit
The spectrum obtainedex situafter etching is similar to tha
obtainedin situ, except that the C 1s peak is now clearly
visible at 285 eV.

Listed in Table I is the composition of the tantalum su
face measured by XPS before and after etching. The com
sition was calculated using the atomic sensitivity factors p
vided by Physical Electronics for our hemispheric
analyzer. Before etching, the tantalum is covered mai
with carbon~43.1 at. %! and oxygen~37.2 at. %!. After etch-
ing, in situ analysis reveals that the metal is highly fluo
nated with a coverage corresponding to 73.9 at. % fluor
In addition, the adsorbed carbon is below 2.0 at. %, which
the detection limit of the spectrometer. These data show
a fluorocarbon polymer film is not deposited on the samp
as is sometimes seen in low-pressure plasma etchers.3 Expo-
sure to air immediately after etching causes the fluorine c
erage to decrease by half and the carbon coverage to incr
by nearly fourfold. Evidently, the fluorinated layer is susce
tible to attack by molecules found in the ambient enviro
ment, such as water, hydrocarbons, and carbon dioxide.

Shown in Fig. 9 are high-resolution photoemission spec
of the tantalum 4f 5/2 and 4f 7/2 states. These spectra contain
series of overlapping bands due to the presence of diffe

p-

FIG. 8. Survey photoemission spectra of the tantalum surface~a! before
etching, ~b! after etching within situ analysis, and~c! after etching with
ex situanalysis.

TABLE I. Average composition of the tantalum surface~at. %!.

After etching

Element Before etching (in situ) (ex situ)

Tantalum 19.8 5.3 26.0
Oxygen 37.2 18.8 21.3
Fluorine 0.0 73.9 37.7
Carbon 43.1 ,2.0 15.1
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2803 Tu et al. : Tantalum etching 2803
tantalum oxidation states. The binding energy scale has b
fixed by referencing the 4f 7/2 peak for metallic tantalum
Ta0, to 20.9 eV.3,28 Deconvolution of these bands was pe
formed with the Multipak data analysis suite.29 Each indi-
vidual chemical state yields a doublet split corresponding
the 4f 7/2 and 4f 5/2 lines. These lines are separated by 1.8
and exhibit a fixed area ratio ofATa7/2

/ATa5/2
54/3. The peak

shapes were determined using a Gaussian–Lorentzian m

FIG. 9. Tantalum 4f 7/2 and 4f 5/2 photoemission spectra of the metal surfa
~a! before etching,~b! after etching within situ analysis, and~c! after etch-
ing with ex situanalysis.
JVST A - Vacuum, Surfaces, and Films
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supplied with the Multipak software. It should be noted th
the O 2s peak at 23.0 eV does not contribute significantly
these spectra because its sensitivity factor is very
~0.035!.

Before etching@Fig. 9~a!#, three doublets are observe
due to Ta0, Ta11 suboxide or carbide, and Ta15

oxide.3,12,28,30,31The Ta 4f 7/2 binding energies for these thre
states are 20.9, 21.7 and 26.2 eV, respectively. The T11

designation is provided to distinguish this feature from T0,
and is not meant to indicate the formal valence on the at
This band most likely arises from oxygen or carbon adsor
on tantalum, as distinguished from the bulk metal.30 Shown
in Table II is the distribution of the tantalum among the
different states. These percentages have been calculate
taking the ratio of the area under a particular 4f 7/2 band to
that under all the 4f 7/2 bands. Before etching, about 85%
the metal atoms sampled by the spectrometer are prese
Ta2O5. These results are consistent with previously pu
lished data on tantalum foils exposed to air.3,12,15

After etching,in situ XPS@Fig. 9~b!# reveals that there are
two new Ta 4f 7/2 peaks at 27.0 and 28.5 eV. These ne
features are due to fluorinated tantalum, and are assigne
metal fluorides or oxyfluorides in the14 and 15 valence
states.13,28 The distribution of tantalum among the differe
chemical species is shown in Table II, third column. Tan
lum fluorides and oxyfluorides comprise 57.5% of the s
face sampled, whereas tantalum oxide comprises 32.3%.
remainder is divided between Ta0 and Ta11. The TaFx states
appearing at binding energies above that of Ta2O5 have not
been observed in previous studies of plasma etching of
talum metal.3,12 Since there is a significant concentration
tantalum fluorides on the surface, it is likely that the etchi
process is limited by the surface reaction of fluorine spec
e.g., F atoms, with this metal fluoride layer.

In Fig. 9~c!, the Ta 4f spectrum is presented for a samp
exposed to room air after the etching reaction. The sa
chemical states are present on this surface as on the
analyzedin situ, except that the relative intensities of th
peaks have changed. Referring to Table II, column 4,
tantalum compounds in 51 oxidation states~Ta2O5 and

TABLE II. Percentage of tantalum that is contained within each chem
state@100(Tai /STai)#.

State After etching

(4f 7/2 , 4f 5/2 eV! Before etching (in situ) (ex situ)

Ta0 5.2 7.5 19.4
~20.9, 22.7!
Ta11 8.1 2.6 14.7
~21.7, 23.5!
Ta15O 86.7 32.3 15.0
~26.2, 28.0!
Ta14Fx 0.0 31.2 36.0
~27.0, 28.8!
Ta15Fy 0.0 26.3 14.9
~28.5, 30.3!

Total: 100.0 100.0 100.0
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2804 Tu et al. : Tantalum etching 2804
Ta15Fy) have decreased, while the tantalum metal and
compounds in lower oxidation states (Ta0, Ta11, and
Ta14Fx) have increased. The changes to the Ta 4f spectrum
caused by air exposure were reproduced for at least six m
surements, and were found to be insensitive to the dura
of the exposure, which was varied from 5 min to 2 h. The
data indicate that the chemical composition of the fluor
layer on the tantalum surface is sensitive to the gas envi
ment and exists in a higher average oxidation state unde
flux of fluorine species generated from the atmospheric p
sure plasma.

IV. DISCUSSION

To summarize the results presented earlier, we obs
that the rate of tantalum etching at atmospheric press
strongly depends on the operation conditions of the gas
charge. In particular, the Ta stripping rate increases with
power, CF4 concentration, O2 concentration, gas residenc
time between the electrodes, and sample temperature.
observed trends suggest that fluorine atoms are the a
species responsible for etching the tantalum surface. For
ample, it is well known that oxygen accelerates the prod
tion of fluorine atoms from carbon tetrafluoride by oxidizin
CFx radicals into carbon oxides and F atoms.25,26,30On the
other hand, the rate was unaffected by the sample bias f
1200 to2200 V. This is expected for a high-pressure dow
stream source, where essentially all the ions are consume
reactions prior to reaching the substrate.

A number of studies have been published on tanta
etching in low-pressure gas discharges (,0.5
Torr!.1,3,10–12,15In this case, the rate of tantalum etching d
pends on the gas composition, applied rf power, bias pow
temperature, and total pressure. For CF4 and O2 plasmas,
there is a complex dependence of the etching rate on
oxygen pressure. Initially, the rate increases with the amo
of O2 added, presumably because the O atoms oxidize a
a fluorocarbon layer that inhibits the etching process.15 Then,
with further increases in the amount of oxygen fed to
plasma, the etch rate reaches a maximum and declines. H
and Miller15 have proposed that at the higher oxygen co
centrations, the tantalum is converted into a tantalum ox
that exhibits a reduced etching rate. This chemistry does
appear to occur in the atmospheric-pressure plasma ex
ined herein. The XPS data reveal that no appreciable am
of carbon is deposited on the surface during etching. In
dition, the surface is always covered with tantalum fluori
regardless of the amount of oxygen fed to the plasma
charge.

In the atmospheric-pressure plasma process, the rat
tantalum etching appears to depend on the flux of fluor
atoms to the sample surface. However, the XPS data s
that the metal surface is heavily fluorinated during this re
tion. Because of this, it is unlikely that either transport
adsorption of fluorine species is rate limiting. Otherwise,
reactions following these steps would occur rapidly on
surface and drive the adsorbed fluorine concentration t
Moreover, the etching rate cannot be controlled by TaF5 sub-
J. Vac. Sci. Technol. A, Vol. 18, No. 6, Nov ÕDec 2000
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limation, since the boiling point of this compound is 230 °
while the substrate temperature ranges from 225 to 375 °C
the reaction were limited by TaF5 sublimation, the etching
rate would not be sensitive to rf power, CF4 pressure, and
gas residence time, as observed. These results imply tha
metal etching rate depends upon both the flux of F atom
the surface and the existence of the TaFx surface layer.

Two alternative reaction mechanisms may be propo
which are consistent with our results.~a! The reaction may
follow an Eley–Rideal mechanism in which gas-phase flu
rine atoms collide directly with the adsorbed metal fluori
in the rate-limiting step

F(g)1TaFx~s!→TaFx11~s! . ~1!

The subscriptsg ands refer to gaseous and adsorbed spec
The production of TaF5 may occur in this step, or in a late
step with a faster intrinsic rate.~b! Fluorine atoms may
weakly chemisorb onto the surface, and then slowly re
with tantalum fluoride to make the reaction products

F(g)↔F(s) , ~2!

Fs1TaFx(s)→TaFx11~g! . ~3!

In reaction ~2!, fluorine atoms adsorb on top of the met
fluoride layer. Then they diffuse across the surface until th
collide with a TaFx species in the rate-limiting step, reactio
~3!. The latter mechanism is consistent with the results
Machiels and Olander,32 who examined the reaction of fluo
rine molecules with tantalum foil by modulated molecul
beam-mass spectrometry. An analysis of their data indica
that the fluorine dissociatively adsorbs onto a scale co
posed of a tantalum subfluoride. Then the F atoms diff
through the scale and react with specific sites to prod
TaF5 . In the case of tantalum etching with the downstrea
atmospheric-pressure plasma, further work is needed to
termine which of the proposed reaction mechanisms do
nates.

V. CONCLUSIONS

We have investigated the etching of polycrystalline tan
lum foil with a nonequilibrium, atmospheric-pressu
plasma. Rates up to 6.0mm/min have been obtained in th
absence of ion bombardment. The effects of the opera
conditions on stripping rates have been determined.
analysis of the experimental results suggests that the etc
rate is limited by the reaction of fluorine atoms with tantalu
subfluoride on the surface of the metal substrate.
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