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Corrosion Behavior of Stainless Steel and Aluminum in a
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The corrosion characteristics of type 316 stainless steel, component metals of thé=ste@l, Ni, and M@, and Al in the
downstream effluent of a GFO, plasma have been examined as a function of temperé26r800°C)and feed gas composition

(0-30 vol % Q). Type 316, Fe, and Ni showed weight gains due to the formation of surface reaction films, which consist
predominantly of involatile metal fluorides and grow parabolically with exposure time. Pure Cr and Mo exhibited weight losses
due to the formation of volatile metal fluorides or oxyfluorides. The corrosion rate of these metals increased with increasing
temperature, while that of Al was less than the limit of detection at all temperatures examined. The corrosion rates of Cr and Mo
increased with increasing, &ontent of the reactant gas and reached maxima2itvol % O,, whereas those of type 316, Fe,

and Ni were nearly independent of the €ontent. At 300°C, GIO; films underwent etching in a similar manner as Cr metal,
while F&0O;, NiO, and ALO; films transformed into involatile fluorides or oxyfluorides. Mass spectrometric analyses suggested
that F atoms and Omolecules are dominant species responsible for corrosion in the downstream effluent. The phase stability
diagrams estimated metal fluorides to be the thermodynamically favored reaction products on the metals exposed to the effluent.
© 2002 The Electrochemical Society.DOI: 10.1149/1.1479157All rights reserved.
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Dry etching techniques such as plasma etcliig), reactive ion The purpose of the present study is to elucidate the corrosion
etching (RIE), and chemical dry etching or chemical downstream behavior of stainless steel and Al in the downstream effluent of a
etching (CDE) are indispensable for the fabrication of very large CF,/O, plasma. To realize this purpose, the corrosion rates of type
scale integrate@V/LSI) circuits® Etching of component materials of 316 stainless steel, its component met&s, Cr, Ni, and Mo)and
VLSI circuits occurs by reactions with active species formed in apure Al were first measured as a function of temperature and O
low-pressure glow discharge. In addition to chemical etching, physi-addition. The corrosion behavior of f@;, Cr,05, NiO, and ALO,
cal sputtering and ion-enhanced etching also play an important rolghin films formed by metallorganic chemical vapor deposition
in RIE processes. A mixture of GFand Q is widely used as a (MOCVD) was then examined by measuring the changes in the
reactive gas for PE, RIE, and CDE processing. Fluorine atomshickness and composition of the films. Gas-phase analysis was per-
formed in the plasma of the mixture react with Si, §j@nd SiN, formed to determine the kind and concentration of reactive species
to produce volatile SiF, leading to etching effectsThe same etch-  in the downstream effluent of the plasma. Furthermore, the thermo-
ing mechanism is realized for metals of W, Mo, and Ta and theirdynamic stability of metal oxides and fluorides was examined
silicides?* through the calculation of phase stability diagrams for metal-

Metals like stainless steel or Al are used as reactor materials tdluorine-oxygen systems.
maintain a high vacuum and to provide an electrode for high fre-
quency discharges. Reactions with chemically active plasma species
can also occur on the reactor walls and on the surface of metal Experimental
tubing and components in vacuum systems, resulting in corrosion.
However, knowledge of the corrosion behavior of construction ma-

. . . . . . 5
terlalz used_ forhdry_et(I:hlng s;(/jstems_ s still “T'ted' mlal' re- analytical composition and heat-treatment conditions are listed in
ported that in chemical vapor depositig@VD) of W using Wi @S Tapje | The size of the stainless steel, Fe, Ni, and Al specimens was

a precursor, stainless steel reactor materials react with td/form 0 X 18 x 2mm, and that of Cr and Mo 18 7 X 2 mm. The
gaseous corrosion products, which leads to the contamination o

deposited W films. In a previous stullywe examined corrosion wm finish and then degreased ultrasonically in acetone. Except for
characteristics of pure metals and alloys, such as Al, Ti, Cr, Fe, Cowhe exposed area, the surfaces of the specimens were covered with
Ni, Cu, Mo, Ta, W, type 304 and 316 stainless steels, and Alloy 600,y4cyum evaporated Al films 100 nm thick. As described later, Al is

in a downstream reactor of a GA1 vol % O, microwave plasma.  not subject to corrosion under the conditions of this experiment.

It was found that metals such as Ti, Cr, Mo, Ta, and W suffered from  the Fg0,, Cr,0,, NiO, and ALO; films were prepared on Pt

corrosion leading to weight loss, and their corrosion rate increasedpsirates using a cold wall low-pressure MOCVD apparatus de-
with rising temperatur& At 300°C, Fe and stainless steels showed a scribed in a previous papéiron(lll), chromium(ill), and nickel(l)

weight gain due to the formation of thick surface reaction fifms. acetylacetonate compoundse(O,CsH,)s, Cr(0,CsH,)s, and
A . 5117)3 5117)3>
Weight changes of Al, Co, Ni, Cu, and Alloy 600 were less than or Ni(O,CsH,),], and aluminum  triisopropoxidd Al(O-i-CsH-)s]

glotsettodthe I;hmlt of de:e::tlgn,'&/vhlle thlln tsurface retactlon fllngsI were |\ ore employed as precursors. Nitrog®8.999 vol %)was used as
etected on these metals by Auger electron spec VOS(W)- n a carrier gas of the precursors and oxy¢@®.9 vol %)as a reactant
order to reveal the corrosion mechanism of the materials for dry

. : S as. The temperatures of the precursors and the flow rategs axficN
etching systems, however, more information is needed about thf) are listed in Table II. The deposition of the films was performed
influence of temperature and feed gas composition on the CorrOSioat2350°C : P P
reaction kinetics. A knowledge of the corrosion behavior of metal )
oxides is also needed to explain the corrosion mechanism because Apparatus and techniques for corrosion tesfhe apparatus
stainless steels and Al are initially covered with oxide films. used for corrosion tests consists of a feed gas controlling system, a

microwave plasma generator, a reaction chamber, and an evacuation
systen Using a microwave power supp{£BIC, MR-301), micro-

* Electrochemical Society Active Member. waves with a frequency of 2.45 GHz were transmitted through a

2 E-mail: haran@material.tohoku.ac.jp coaxial cable to an Ebenson-type cavity, and a plasma was excited in

Specimens.—The specimens used were type 316 stainless steel,
component metals of the stedfe, Cr, Ni, Mo), and Al, whose

pecimens were polished with SiC paper and diamond paste to a 1
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Table I. Chemical composition(wt %) and heat-treatment conditions of type 316 stainless steel and pure metals used.

Element
Specimen C Si Mn Cu P S O N Ni Cr Fe Mo Al Ti W Heat-treatment
Type 316 0.05 0.68 1.30 — 0.031 0.003 — — 10.78 16.81 Bal. 2.14 — — — 1100°C, 60 mif, WQ
Fe 0.001 0.0006 — 0.0006 0.002 0.001 0.036 0.0040 0.0002 0.0809.95 — — — —  850°C, 30 min, F&
Cr 0.003 0.002 0.0001 0.0002 — — 0.0387 — 0.000699.95 0.0048 — 0.0001 — — 820°C, 5 min, WQ
Ni 0.010 <0.01 — 0.010 0.002 0.002 — — >099.9 — 0.010 — — — — 1000°C, 30 min, WQ
Mo 0.003 0.003 — — 0.002 0.002 0.0050 0.0010 0.0010 — 0.01899.95 0.002 0.001 0.030 1200°C, 60 min, AC
Al — — — — — — — — — — — — >099.7 — — 400°C, 60 min, FC

&Water quenching.
b Furnace cooling.
¢ Air cooling.

a quartz discharge tube 12 mm diam. The reaction chamber wasensitivity factors, which were preliminarily determined from AES

located 15 cm downstream from the discharge region. The specispectra collected for standard oxides and fluorides with known com-

mens were placed on an aluminum holder in the reaction chambeposition.

and heated by a built-in heater. The reaction chamber and surround-

ing tubing were all made of type 304 stainless steel. Gas-phase analysis by optical emission spectroscopy and mass
Mixtures of CF, (99.999 vol %)and G, (99.99 vol %)were used ~ spectrometry.—Optical emission spectra were measured using a

as reactant gases. The composition of the gas mixtures was variedV-visible spectroscopy system consisting of a grating spectrometer

between 0 and 30 vol % by flow rate, while the total flow rate  (Acton Research Co., SpectraPro 150d a charge-coupled device

was kept constant at 45 sccm. The pressure of the reaction chamb&CD) detector(Princeton Instruments Inc., TE/CCD-512-TK/1-UV

was increased from 33 to 35 Pa by a microwave discharge, but ifthd ST-135). An optical fiber was used to convey light from the

was approximately independent of feed gas composition. Prior tgduartz discharge tube to the spectrometer. A small amount (8.&r

corrosion tests, the reaction chamber was evacuated by a rotaryol %) was added to the GFO, mixture for argon actinometry

pump until the pressure became lower than 0.133 Pa. The specimeneasurements, one of the plasma diagnostic methtidsas been

was then heated to a given test temperature in the range of 25 tdemonstrated that the addition of Ar in a small quantitys(vol %)

300°C. After the specimen temperature was stabilized, the reactardoes not perturb the discharge properties of g /Ck mixture0:1?

gas was introduced into the discharge tube and the microwaves with Mass spectra of the downstream effluent of the plasma were

a power of 80 W were applied to generate a plasma. After exposureollected using a conventional quadrupole mass spectrometer

for a given time, the specimen was cooled down to room tempera{QMS; ULVAC, MSQ-300)which was operated at a fixed electron

ture in vacuum. impact energy of 70 eV. The pressure of the QMS chamber was
Corrosion rates were evaluated from weight changes measuregbduced by a factor of X 10°° relative to that of the reaction

by weighing specimens to a precision of 0.01 mg before and afteichamben(35 Pa).

the test. The thickness of surface reaction films formed on the speci-

mens was measured by ellipsometry. The relative phase retardation, Results and Discussion

A, and the relative amplitude reduction, t&n were mesured at a . . R .
wavelength 546.1 nm and at an angle of incidence 60° using a Corrosion behavior of metals at 300*GPE and RIE processing

rotating analyzer automatic ellipsometer. The thickness and opticalS Usually carried out at temperatures lower than 100°C. However,
constants of the films were determined using a theorefices. # "€ temperatljé% of a barrel-type PE reactor using a RF discharge
curve which fits the experimental data with minimal error. The the- reachgs %OO v With ba m'CfOWZ‘g% ggg%hggge’ tll?e temperature
oretical A vs.{s curves were calculated using Drude’s exact optical around a discharge tube rises to - e wall temperature
equations for a three-mediutambient-film-substrajemodel® of an inductively coupled plasméCP) reactor increases up to

The chemical composition of the specimen surface was analyze(]ivsoooc' depending on applied power and processing tfrie.

. : . ight of these facts, the maximum test temperature in the present
by Auger electron spectrosco#ES) combined with A" ion sput- o o -
tering using JEOL JAMP-7100 Auger microprobe. The sputtering zgj(;j‘}é:v‘lljﬁnsge;?(t-:‘:c(:)tgn(t:.glzeoflrg?ll sélpoe/:m(w)zents were performed at
rate was de_termin_ed to bg 0'08-50'005 nm s* by compar@ng the Figure 1 shows the weight changkWV, as ;':1 function of expo-
sputtering time with the film thickness measured by ellipsometry. 9 9 ’ P

The quantitative analysis of elements was performed using relativéUr® fime.leyp, for type 316 stainless steel, Fe, Ni, Cr, Mo, and Al
exposed to the effluent of a GHR.1 vol % G, plasma at 300°C. The

weight of the stainless steel, Fe, and Ni increases parabolically with
increasing time. This suggests that solid reaction products are
formed on the surface of the steel and the metals. The weight of Cr

Table Il. Conditions for deposition of oxide thin films by

MOCVD. and Mo decreases linearly with time, indicating that these metals
undergo etching. From the slopes of th&V vs. t,, plots, the cor-
Flow rate(sccnf) rosion rates of Cr and Mo at 300°C are given as 0.037 and
_2 _l - .
Temperaturé°C) _ 0.15gm~-s , rgspectlvely._ The weight Eganges of Al were always
' CarriergasReactantgas |ess than the limit of detectiont(0.01 g m ©).
Oxide  Precursor Precursor Substrate (N,) (Gy) Figure 2a shows the AES depth profile of type 316 stainless steel
F&0; Fe(O,CH))s 160 350 300 300 after 10 min exposure at 300°C to the effluent of a-d& vol %_Q _
CrO; Cr(0,CoHy)s 140 350 500 500 plasma. Fluorine is detected through the surface reaction film
NiO  Ni(0,CoH), 160 350 800 400 ~120 nm thick, while oxygen exists only in a superficial layer of the
AlL,O; Al(O--CgHy)s 130 350 200 200 film (Fig. 2a). This suggests that fluorination occurs on the stainless
steel surface. From the concentration profile of F, it is evident that
asccm: standard cubic centimeters per minute. the surface film has a two-layer structure, an outer layer consisting
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) . . ) downstream effluent of GF11% O, plasma for 10 min at 300°C.
Figure 1. Weight changeAW, as a function of exposure timg,g,, for type

316 stainless steel, pure Fe, Cr, Ni, Mo, and Al exposed to downstream
effluent of CR-11% O, plasma at 300°C. . o . )
is thought to originate from the oxide film formed before plasma

excitation. In the present study, the plasma was excited after a

CF, /0, mixture was introduced and its composition was adjusted
of higher metal fluorides, such as ReRand an inner layer consist- Manually to a given value. Therefore, the specimens were exposed
ing of lower metal fluorides, such as FeFIn addition to metal ~ t0 the gas mixture for a short period without discharge. During this
elements coming from major alloying componetftg, Cr, Ni, Mo), period, Fe reacts with £Oin the gas mixture to form an oxide film.
a large amount of Mn can be detected in a superficial layer extendThe time required for adjusting the feed gas composition was typi-
ing to the depth of a few nanometers. To clarify in-depth variationscally 20 s but was different from experiment to experiment. Oxida-
of metal elements in the film, the cationic mole fractions of Fe, Cr, tion of Fe is also possible during a heating period under vacuum
Ni, Mo, and Mn were calculated from Fig. 2a and plotted as a with a pressure level of-0.1 Pa.
function of depth in Fig. 2b. In the superficial layer, Mn is deeply Figure 4 shows AES depth profiles of Gx), Mo (b), and Al(c)
enriched and the other metals are depleted. Except for this layer, Cexposed to the effluent of a GR.1 vol % O, plasma for 30 min at
is slightly depleted and Ni is slightly enriched. Molybdenum exists 300°C. It can be seen from Fig. 4a and b that the surface reaction
in the inner layer but is depleted in the outer layer. There is nofilms containing both O and F exist on the etched surface of Cr and
significant enrichment of Cr and Mo in the steel matrix. These factsMo. These films are significantly thin compared with those formed
reveal that a certain amount of Cr and Mo may be lost during theon stainless steel and Fe. The O concentration parallels the F con-
corrosion test at 300°C. centration through the depth profiles except the topmost surface.

AES depth profiles obtained for Fe and Ni after 10 min exposureThis suggests that the films consist of an oxyfluoride phase or a

are shown in Fig. 3a and b, respectively. The surface reaction filmsnixture of oxide and fluoride phases. The surface film on Al is very
formed on these metals consist predominantly of parent metal fluothin and has a two-layer structure, an outer layer consisting of a
rides, indicating that fluorination reactions occur on Fe and Ni. Thesingle oxyfluoride phase or a mixture of oxide and fluoride phases
film on Ni can be regarded as a single layer of Nifbecause it and an inner layer consisting of an oxide phésig. 4c). The oxy-
contains only a small amount of O and Mn on the topmost surfacegen content of the inner layer seems to be low compared with that of
(Fig. 3b). On the other hand, the concentration profiles of O and Fstoichiometric AJO;. The inner layer is extremely thi~2 nm or
for the film on Fe suggest that the film is composed of at least twoless), so that the AES signal from this layer and that from the Al
layers, an outer layer consisting of Fe oxide and an inner layersubstrate often overlap each other. This makes it difficult to know
consisting of Fe fluoridéFig. 3a). The outer layer extends to the the exact concentration of elements of interest.

depth of ~50 nm and contains a significant amount of F and impu- It has been reported that thin films of Si oxyfluoride, 8, are
rity elements, such as Ti, Cr, and Mn. The composition of the innerpresent on the Si surfaces etched in g 5 plasma® and down-
fluoride layer is close to FeF stream of the plasm¥.The AES depth profiles shown in Fig. 4a and

The thickness of the outer layer of the film on Fe varied from b reveal that similar oxyfluorides may be formed on Cr and Mo as
experiment to experiment, independent of exposure time. This layereaction intermediates. However, there is another source of oxygen.
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. Figure 4. AES depth profiles of pure Cr, Mo, and Al after exposure to
That is, oxygen detected on the etched surface of Cr and Mo may b@c?wnstream effluezt mPQFll% Qpplasma for 30 min at 300°C. P

due to exposure in air when the specimens were transferred from thé
corrosion test system to the AES system. It is well recognized that

many inorganic fluorides are hygroscopic, and thus water vapor has

a deleterious effect on fluoride thin film&.For example, sputter-

deposited Crk films react with water vapor to decompose into e o o i . o
Cr,0; and HF8 Such degradation of the CyFilms was observed cally with increasing time, indicating that the film formation kinetics
after exposure to air with 100% relative humiditiRH) for more  follows a parabolic rate law. From the slopecbf/s. t.,"? plot (Fig.
than 15 h® When the films were kept in a dry desiccator 5b), one can determine the parabolic rate constant of film growth,
(<40% RH), no degradation occurred after 10 mor’r?nslthough kp. The parabolic rate constant at 300°C changes in the following
detailed experiments are required to determine whether oxygen uperder: Fe &k, = 20.0 nm s1?) > type 316 &k, = 5.0nm s1?)

take occurs in the reaction chamber or in air, it is suggested that a¢- Ni (k, = 0.32 nm s%2). It is noted that when the linear portion
least a fluorine-containing thin film is formed on Cr and Mo as a of d vs. t,,? plot for Ni is extrapolated, the line does not pass
reaction intermediate layer. through the origin. This indicates that the growth of very thin films,

The growth process of surface reaction films on stainless steelprohably less than 10 nm in thickness, does not obey a parabolic rate
Fe, and Ni was examined using ellipsometry. The experimentel.

V¥ data for type 316 stainless steel fit a theoretical curve calculateoll

for the growth of a film with an optical constantN, Influence of temperature on corrosion rateThe corrosion tests

= 1.50-0.018i Although the AES depth profile of the stainless Were carried out at various temperatures ranging from 25 to 300°C
steel(Fig. 2a)suggests that the surface film on the steel has a two-in the effluent of a Cj~11 vol % G, plasma. A significant amount
layer structure, the film can be optically treated as a homogeneousf weight loss was observed for Mo tested at room temperature,
single layer. This reveals that the optical constant of the outer layemhile the weight change of Cr became less than the limit of detec-
is close to that of the inner layer. The same measurement and analyion at temperatures lower than 100°C. The growth of surface reac-
sis were performed on Fe and Ni. The optical constants of surfaceion films on stainless steel, Fe, and Ni also became slow as the test
reaction films on Fe and Ni were found to bg = 1.52-0.03iand temperature decreased. At temperatures lower than 150°C, the thick-
1.45-0.00iat 546.1 nm, respectively. The thickneds,of the films ness of the film on Ni never exceeded 10 nm even after exposure for
formed on type 316 stainless steel, Fe, and Ni at 300°C is plottech long time 2 h). The error in the film thickness determined by
against exposure timé,,,, and the square root of,, in Fig. 5aand  ellipsometric measurements was relatively lafgeound =2 nm),

b, respectively. For each metal, the film thickness increases parabolbecause the measurements were not perfoimsitu in the reaction
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Arrhenius plots of corrosion rates for type 316 stainless steel ang,jagma.

its component metald=e, Cr, Ni, and Mo)re shown in Fig. 6. The
parabolic rate constant of film growthk,, and the linear rate of
weight loss,—AW/At, were employed for representing the corro-
sion rates of the stainless steel, Fe, andm. 6a), and Cr and Mo
(Fig. 6b), respectively. The corrosion rate of each metal increase
with rising temperature, following an Arrhenius equation. From the
slopes of the log, vs. 1/T plots, the apparent activation energies,
E,, of overall corrosion reaction can be derived as 23.1, 27.3, an
22.6 kJ mol! for type 316 stainless steel, Fe, and Ni, respectively.
These activation energies are lower than the corresponding energi
of fluorination reaction of metals in a molecular fluorine atmo-
sphere, 39.7 kJ mol for stainless steéf 35.2 kJ mol?* for Fe?°,
and 41.7 kJ mal* for Ni.*® From Fig. 6b, the apparent activation
energies of the corrosion reaction for Cr and Mo are given as 39
and 24.7 kJ mol*, respectively.

Corrosion behavior of thin oxide films-The reaction of Fg3,
Cr,O5, NIiO, and ALO; thin films, formed on Pt substrates by
?/IOCVD, with the downstream gas of a £FO, plasma was exam-
ined using ellipsometry and AES. TheJ&g, Cr,O5, and NiO films
Jvere crystalline and the AD; film was amorphous. The effect of
Al,O3 film on corrosion prevention in a GFO, plasma etching
ég/stem is especially important, because anodized aluminum is used
as a reactor and electrode material in,0B, plasma etching
systems? Turbomolecular pumps used in dry etching systems em-
ploy anodized Al alloy blades to prevent corrosion attacks by ag-
8gressive reactant gases.
"~ The experimental vs. ¥ data for a CsO; film exposed to the
effluent of a Cz-11 vol % G, plasma at 100°C fit a single theoret-
Influence of feed gas composition on corrosion rat&he cor- ical curve calculated for the etching of a film with an optical con-

rosion tests were performed at 300°C with varyingd@®ntent in the  stantN, = 2.10-0.05j indicating that the GIO; film undergoes
feed gas from 0 to 30 vol %. The weight changes of type 316 uniform etching without changing optical properties. The film thick-
stainless steel, its component metals, and Al after the test for 30 mimess decreased linearly with time and the slope of the film thickness
are plotted against the ;Qcontent of the feed gas in Fig. 7. The d vs.exposure timé,,, plot provides the etch rate of the film. The
corrosion rates of the stainless steel, Fe, and Ni are approximatelgtch rates of GIO; films as a function of temperature and feed gas
independent of the Ocontent, while those of Cr and Mo markedly composition are summarized in Fig. 8a and b, where the etch rate,
change with the @content. When the Ocontent is increased from  —Ad/At, is plotted against the reciprocal of the test temperataire
0 to 20 vol %, the corrosion rates of Cr and Mo increase by approxi-and the Q content of the feed ga&), respectively. The etch rate
mately a factor of ten and then decrease gradually as sheofitent changes with the test temperature and thecOntent in a similar
is increased further. It has been reported that the etch rates afanner as the corrosion rate of Cr mdfailg. 6b and Fig. 7b). The
Sit62122 and SiQ*3?! in downstream reactors with a GFO, apparent activation energy of the etching reaction for th@©gfilm
plasma go through a maximum as the éntent increases. (41.0kJ mol'l) is approximately the same as that for Cr metal
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Figure 8. Etch rate as a function of temperatyes and Q content of feed
gas(b) for Cr,O5 film exposed to downstream effluent of 0, plasma.

(39.8 kI mol't). These results indicate that even if a,0f film
exists on a metal surface, it will be removed in the initial stage of
corrosion and does not work as a protective film.

In contrast to GO; films, FO;, NIiO, and ALO; films did not  on MOCVD-AI,0;, films, which show the formation of a highly
suffer from etching. However, the changes in experimeftahd¥  fiyorinated layer on the topmost surface of the filfig. 9c), is
values suggested that the optical constants gfOke NiO, and  consistent with the results obtained by Kizhal?® Concerning to
Al,0; films decreased with increasing exposure time. This is due tothe interaction between NiO and molecular fluorine, Haendler
the change in chemical composition of the films. Figure 9 showset al?® have studied the reaction of NiO powders withe elevated
AES depth profiles for F©; (a), NiO (b), and AJO; films (c) temperatures. They found that NiO does not react appreciably with
exposed to the effluent of a @A 1vol % O, plasma at 300°C. F, at 300°C, but the reaction occurs in 97% yield at 325°C and is
Fluorine is detected through the depth profiles of every oxide films.completed at 375°C. The incompletely fluorinated powders con-
This suggests that the f&;, NiO, and ALO; films are subject to  sisted of NiF; and NiO phases, and there was no evidence for the
fluorination, leading to the formation of fluorides or oxyfluorides. In formation of an oxyfluoride phag&.The AES depth profile shown
the case of the NiO film exposed for 60 min, the outer region of thein Fig. 9b indicates that the outer region of the NiO film is fluori-
film extending to the depth of-35 nm is converted into a fluoride nated to Nik; when exposed to the effluent of the plasma at high
layer containing a small amount of (Fig. 9b). After prolonged  temperatures.
exposure, NiO was completely transformed into NiFhe F con- . . .
centration in the surface region of & and ALO; films is also Gas phase analys+5—_|n the 05’222'7 emission measuremen_ts of
higher than that in the inner region of the filii&g. 9a and c). This e Pplasma, argon actinometfy***"was used for monitoring
reveals that the superficial layer of these films is highly fluorinated. '€/ativé changes in F and O concentrations. That is, the ratio of the
The thickness of such a highly fluorinated layer is a few nanometerdntensity of the F emission line at 703.7 nm to that of the Ar line at
for the ALO, film. From these results, it is evident tha,Bg, NiO, /204 "M.le/lx, and the corresponding intensity ratio for the O
and ALO; films react with fluorine to form involatile fluorides or €Mission line at 844.6 nmo/1 o, were measured as a function of
oxyfluorides. In other words, these oxide films do not act as a barriev0lume percent of @in the feed gas. It was found that when @as
against fluorine penetration. The inner fluoride layer on Fe shown inddded to a Ciplasma, thd g/l 4 ratio first increased from 1.28 at
Fig. 3a is thought to be formed by the penetration of F through a0 vol % O, to 1.69 at 15 vol % ©, and then decreased to 1.37 at 40
preexisting oxide layer. vol % O,. Kastenmeieet al*?*have observed a similar change in

Kim et al?® examined the etching behavior of &, fims, thel /1 5 ratio for a CR /O, microwave plasma excited in a quartz
formed by plasma-enhanced CMBE-CVD), in a RIE reactor with  discharge tube. Thiy/1 5, ratio increased gradually from 0.25 at 0
a CK /0, plasma. They found that the surface monolayer of thevol % O, to 0.75 at 15 vol % @, after which it increased quickly to
Al,O;5 film is fully fluorinated in the form of Al and the subsur-  2.94 at 40 vol % Q. That is, the concentration of O atoms tends to
face layer is partially fluorinated in the form of A|§,. Our results  grow rapidly, as the @content in the feed gas is increased beyond
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40 1
20 excited. The dependence of the O concentration on thee@ent in
the feed is similar to that of the GQroncentration. This indicates
Ok L that the O peak at 16 amu is attributed primarily to fragmentation
0 20 40 60 80 of CO,. The computer simulation of concentration profiles for

Depth / nm CF, /0, plasmas suggest that, except for an oxygen-rich plagmna
example CE-75 vol % O,), the concentration of O atoms decreases

Figure 9. AES depth profiles of F€;, NiO, and AbO; films after expo- rapidlysoto a quite low level when the gas leaves the discharge
sure to downstream effluent of GA1% O, plasma at 300°C. region:™ The initial increase in the F concentration by the addition
of O, is consistent with the results reported by other researthérs
and can be explained by the oxidation of fluorine-containing species,
, , , o , such as CFand CF radicals, in the plasmzt34
the point at which the maximum F concentration is affained. Such a" A comparison between Fig. 7b and Fig. 10 reveals that the cor-
trend is identical to that observed by other |nvest|ga{bi’§:. rosion rate of Cr and Mo is related to the concentration of F atoms
~ We performed mass spectrometric analyses of/Ck mixtures i the gas phase. To examine the quantitative relationship between
in a reaction chamber with and without a microwave discharge. Inghe corrosion rate and the atomic F concentration, we estimated the
the absence of discharge, a series of peaks due to the species formg¢:oncentration from the QMS data. It is generally difficult to mea-
by the electron impact ionization of Gfand G in the QMS ionizer  syre directly the atomic F concentration by mass spectrometry. This
were observed; Oat 16 amu, F at 19 amu, C§~ at 25 amu, CF s because F atoms react with residugiCHand hydrocarbons to
at 31 amu, @ at 32 amu, CE" at 34.5 amu, Cf at 50 amu, and  form HF before arriving at a QMS ionizer. To evaluate semiquanti-
CF; at 69 amu. With a discharge, the peak intensity of the speciedatively the F concentration, Smolinsky and Flafirassumed that
related to Cl (for example CE at 69 amu)and oxygen(O; at the HF™ peak appeared in mass spectra of downstream gases was
32 amu)decreased, while that of (F+ at 19 amujand HE(HF* at plue to F atoms from the discharge. The same assumption was made
20 amu)increased. At the same time the peaks due to reactiori” the present study, and the sum of partial pressures of F and HF,

+ + evaluated from the corresponding QMS peak intensities, was used to
i[;]r;detgcstz dsgsgs?zinggiloanzt ffwa;lgsgii%;gﬁ%aééégmﬁ) calculate the concentration of F atoms in the reaction chamber. The

. - estimated F concentration varied between X.a0° and 3.9
47 amu and COJ-at 66 amujand Sif; (SiF; at 85 amu)appeared. X 10?° m~2 as the Q content of the feed gas was changed between

The _formation of Sifindicates etch_ing of the quartz discha(ge tube._ 0 and 40 vol %. If a part of the F atoms are already hydrogenated
_ Figure 10 shows the concentration of some representative SpeCigsufore arriving at the surface of specimens, the calculation method
in the reaction chamber as a function of thg @ntent of the feed | 5eq in the present study leads to an overestimation of the atomic F
gas. With the addition of @ the concentration of GFand Q concentration. Therefore, the atomic F concentration reported in this
decreases, while that of F, HF, GOand COF increases. The con-  paper should be regarded as semiquantitative.

centration of F, HF, and CQreaches a maximum at20 vol % O,, Figure 11 exhibits the corrosion rates of @) and Mo (b) at

and that of COF shows a maximum at-13 vol % O,. A slight 300°C as a function of atomic F concentration. There is an approxi-
increase in the concentration of O is observed when the plasma imately linear relationship between the corrosion rate and the F con-
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Figure 11. Weight loss, AW, of pure Cr and Mo at 300°C as a function
of atomic F concentration in downstream effluent of,0B, plasma.

centration. Therefore, it is suggested that the presence of F atoms
responsible for the corrosion of the metals in the downstream efflu
ent of CR /0O, plasmas.

Thermodynamic stability of metal oxides and fluorides in
downstream effluent of GFO, plasmas.—The experimental results
of the present study suggest that fluorine atoms are the domina
reactive species leading to corrosion of metals in the downstrea

effluent of CR /O, plasmas and the corrosion proceeds through the

formation of parent metal fluoridese., fluorination. However, there
also exists a large amount of molecular oxygen in the downstrea

gas. There is a possibility that metals react with oxygen as well as

with fluorine. The phase-stability diagrams of metal-fluorine-oxygen

systems were calculated using standard Gibbs free energies of fo

mation for fluorides and oxides, which are available in thermody-
namic data table®¢ The calculation method is described in the
previous papet.

Figure 12 illustrates the phase-stability diagrams of metal-

fluorine-oxygen systems for Ka), Cr (b), Mo (c), and Ni and Ald)
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Figure 12. Phase stability diagrams of metal-fluorine-oxygen systems for Fe
(a), Cr (b), Mo (c), and Ni and A(d) at 300°C.

stable region of oxide and that of fluoride. This reveals that metal
fluorides are not completely stable if HF exists as an alternative of F
in the effluent of CE/O, plasmas.

The experimental results of the present study show that Cr is
etched due to the formation of a volatile compound, such ag &F
discussed later, and Ni is fluorinated to BiFThese results agree
{Rith the prediction deduced from the phase-stability diagrams for
metal-F-Q systems but are inconsistent with the expectation based
on the corresponding diagrams for metal-HF-&/stems. Conse-
quently, F atoms are involved in the corrosion of metals in the
downstream effluent of GFO, plasmas containing 0 to 30 vol %

, and the possibility that HF molecules play an important role in

2
r:g%e corrosion process would be excluded.

Figure 13 shows the temperature-dependence of the vapor pres-
sure of metal fluorides and oxyfluorid&5*° The melting point and
he boiling point of the compountfs*?are also shown in the figure.
he volatility of compounds is somewhat arbitrarily defined as a
vapor pressure larger than 0.0133 Pa{*Torr).* This pressure is
ghown as a dotted line in Fig. 13. In the temperature range examined
(25-300°C), the vapor pressures of MgRAMoF;, and MoOF, are
high enough to vaporize or sublimate. Chromiiv) fluoride,
CrF,, is also volatile at temperatures higher than 100°C, while
lower Cr fluorides, Crf and Crk, have low vapor pressures.
Therefore, it is presumed that Cr and Mo are subject to etching due

at 300°C. It can be seen that the present experimental conditionto the formation of the highly volatile compounds, grfor Cr,

which is indicated by a black diamond mati ), is in the stable
region of metal fluoride for all the metal-fluorine-oxygen systems
examined. This is valid even if the margin of error for the estimation

MoFs, MoFg, or MoOF, for Mo. The vapor pressures of {#,
Fe(lll), Ni(ll), and Al(lll) fluorides are low at temperatures below
300°C. Therefore, these metal fluorides can exist on the metal sur-

of PrandP, is taken into account. It is therefore suggested that theface as solid reaction products.

chemical reaction of metals with F atoms is thermodynamically
more favorable than the corresponding reaction withn@lecules.

There is a possibility that metal oxyfluorides are formed as corrosion

Conclusions
The corrosion characteristics of type 316 stainless steel, its com-

products or intermediates. However, it was difficult to examine theponent metals, and Al in the downstream effluent of, @5, plas-
stability of oxyfluorides, because there was not enough thermodymas, generated in a quartz discharge tube by microwaves, have been
namic data of metal oxyfluorides available to calculate phase-examined as a function of temperature and feed gas composition.

stability diagrams including these compounds.
The phase-stability diagrams of Cr-HFE-@nd Ni-HF-Q sys-

The results are summarized as follows.
1. Type 316 stainless steel, Fe, and Ni show weight gains due to

tems at 300°C were also calculated. From the systems, we founthe formation of surface reaction films, consisting predominantly of
that the experimental condition sits on the boundary between thenvolatile metal fluorides. The film formation reaction follows a
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Maximum temperature examined

T /°C of metal fluorides determines whether corrosion results in etching
800500 300 200 100 25 0 .50 (Cr and Mo)or the formation of solid reaction filmtainless steel,
06 FT T T 1 T T T T Fe, Ni, and A|).
Ambient pressure (101.3 kPa)_ Tohoku University assisted in meeting the publication costs of this ar-
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