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The fluorine atomic radical reactions to form molecular fluorine and hydrogen fluoride are examined by
time-of-flight mass spectroscopy (TOFMS) and kinetically modeled for various reaction orders. Fluorine
radicals are generated from NBr F, in microwave-generated and low-frequency (LF)-generated plasmas
and are passed through flow tubes under various flow, pressure, and dilution conditions. In general, the
concentrations of the mass spectroscopically measured productsardFHF do not depend on the specific

wall material (e.g., Teflon, stainless steel, Al, Ni,,8k, SiO;); the only variations of [F]/[R/[HF] ratios

with wall material are found at pressures below 1 Torr. The most significant changes in these ratios are
observed upon varying flow rates and pressures. Specifically, the F relative concentration decreases from
~80% to~20%, and the Frelative concentration increases fran20% to~80%, as the pressure is varied

over the range 0:510 Torr. In all cases, the HF concentration is found to decrease as the pressure increases.
Data suggest that the composition of the tube surface material does not contribute significantly to the generation
of F; however, since the wall surface carries adsorbed hydrogen sources such &3, H;Hand OH, it
becomes important in the generation of HF. A simple kinetic analysis of the experimental data suggests a
combined two-reaction mechanism fog &d HF generation: (1) a pseudo-second-order volume reaction
(k,) to generate § and (2) a zero- or first-order wall reactiok,} to generate HF. Thus, both surface and
volume reactions contribute to the overall F atom loss mechanism in the gas flow from the plasma source.
The model fits our data best forka/k,, ratio of about 75. The reaction order for the loss of F atom is found

to be 1.68, while the reaction order for the formation efis=found to be~2.

I. Introduction inductively coupled low frequency, LF). The majority of the
) o ) ) data reported here is for an LF source.

Fluorine-containing plasmas are used extensively in the  pe requits thus obtained are analyzed to determine the
semiconductor industry for etchitig? and chemical vapor o jative importance of the different experimental parameters in
deposition (CVD) chamber cleaning purpo$&s® Our work  the molecular fluorine formation reactid® They are also
is aimed toward increasing knowledge of the basic chemistry analyzed to determine the kinetics and mechanisms of she F
involving the transport of fluorine atorts* (the assumed  5ng HF formation reactiori; %! The results of the kinetic and
cleaning species) derived from fluorine-containing plasmas in mechanistic analysis of these data are discussed. The data
order to manipulate such plasmas to maximize chamber cleaningcolected are analyzed by two elementary reaction mechanisms

and etching efficiency, and to minimize hazardous waste jnyolving a pseudo-second-order gas-phase reaction and a first-
products3—26 To gain this understanding, we are exploring a order wall reaction.

broad range of operating parameter space with regard to plasma

feed gas compositior_l, flow tube mater_igl, f|9W rates_, reactive II. Experimental Procedures

gas pressure, and diluent gas. We utilize time-of-flight mass

spectroscopy (TOFMS) and laser-induced fluorescence detection The plasma is generated by an Advanced Energy Rapid F
to measure the relative amounts of different, chemically instrument (typically 2-6 kW at 400 kHz of LF power) for the
important species and their energetic states. These studiegnajority of the results reported here, with some comparisons
explore a range of operating parameters that are closely related0 the Applied Materials DCVD CenturaClean microwave

to those employed for chamber cleaning (and wafer etching), source 1.2 kW microwave power). The experimental setup
and they establish the extremes of the ranges over whichused in these studies is shown in Figure 1. A 12-in.-long (1.35
interesting and meaningful results can be monitored. Parameterdn. i.d.) tube (indicated by W in Figure 1) is mounted to the
that are studied include wall materials (SUCh as a|uminum’ source exit. This is the main wall material test section: tube
quartz, aluminum oxide, Teflon, nickel, and others), pressures,Wa” 'materials. are varied to include aluminum, anodized
and flow rates, and their interdependence. Such studies areluminum, stainless steel, quartz, monel, nickel, Teflon, or

undertaken using different plasma sources (microwave andCopper. After this tube is a 5-in.-long tube that carries the
Baratron pressure sensor (G). This 5-in. section can be either

stainless steel (when the main test tube is stainless) or aluminum
* To whom correspondence should be addressed. .
t Colorado State University. (all other cases). Pressures are adjusted between 100 mTorr and
* Applied Materials, Inc. 10 Torr by a Teflon butterfly valve (BV) mounted after the
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TP

Figure 1. Experimental setup: P, plasma source; W, wall material test section; BV, butterfly or throttle valve used to control pressure; |, ionization
region of TOFMS; MFC, mass flow controller (gas inlet manifold); G, Baratron pressure gauge; T, tee section; S, skimmer; GV, gate valves; F,
TOFMS flight tube; D, detector; R, reflectron assembly; and TP, turbomolecular pumps. See text for detailed explanation of the apparatus.

Baratron gauge and before a dry pump. Immediately after this  so- Aluminium
throttle valve is an aluminum tee (T) with the sampling skimmer
(S) for the mass spectrometer mounted in the flow about 2 in. ]
downstream from the throttle valve (BV) exit. 60
A small fraction of the gas flow passes through a 0.5-mm
skimmer (S) into the main chamber of the TOFMS. This first 5
TOFMS main chamber is held at10~> Torr. The gas flow N T OeF , (250 SCCM)
enters, through a 4-mm skimmer, the ion source of a Wiley 30 e N o, O HF (250 SCCM)
McLaren-type TOFM%*3at <3 x 1077 Torr. In the TOF ion \ T
source, the neutrals are ionized by an ArF (193 nm) excimer  2°7 o/~ - "
laser beam or by photoelectrons ejected from a stainless steel 104 ¢ .* .................. S -
target mounted at the exit port of the ionization chamber (I). 1 ——s
Under our conditions, one ion is created out of about 1000 00 T > 3 4 5 6 71 8
neutrals. Data are recorded with a focused ionization laser beam
at laser fluences up to 250 mJ&rnder multiphoton ionization

ndition h h mol in this work ies may Figure 2. Percentage of F atoms in F/HRfFaluminum walls. A plot
ﬁgg?nteontsu;gﬁ ioisiztatci)osr?. ?I'o F;gé/eegain tth: d:grées %(;(;ﬁ—z ayOf the percentage of total F atoms found in each of the three (FA{F/F

. SIS possible F-containing species for a 12-in. test section of aluminum wall
F> fragmentation, we collect mass spectral distributions and yergys total pressure.

signal intensities under plasnea and off conditions.

The ions so produced are extracted perpendicularly to the . . .
flow axis by a 1.2-kV electric field and enter a 1.5-m-long flight €hanging system conditions. Data from sets taken by varying
tube (F), where they are separated in time according to their (& pressure from high to low are the same as data taken by
mass. At the end of the flight tube, the ions are detected by anVarying the pressure from low to high. Ratios of F-containing
18-mm Galileo multichannel plate detector if the spectrometer SPecies are consistent from run to run, and with both types of
is used inlinear mode. The MS also has the capability of detectors. M_ass flow calibration runs (based on Ax,axd total
operating in aeflectronmode. In this case, the ions pass through F concentrano_ns) are performed for the data sets and are accurate
the field-free region onto the ion mirror reflection stage (R), 2nd reproducible ta=10%.
from which they are repelled and accelerated toward the
detection device, an ETP AF850H electron multiplier or a 40-
mm Galileo multichannel plate (D). In the corrosive F/HE/F In our experimental arrangement, the effluent F stream flows
environment, the more robust ETP detector is preferred, but through tubes made of eight different materials (aluminum,
both detectors have a very limited lifetime, on the order of a anodized aluminum, aluminum oxide, quartz, Teflon, nickel,
few months, in this environment. The signal from the detector monel, and stainless steel). The materials chosen present a wide
is passed to a Tektronix RTD 720A transient digitizer that array of materials that could possibly be used in industrial
samples the detector output voltage at 4 ns/bin and transferssettings. The data for aluminum represent the base system to
the data to an A/D converter and finally to a Gateway G6-180 which we will compare all other findings. Figure 2 shows the
personal computer for manipulation and storage. pressure dependence of the observed percentages of F species

The flow tubes and system are cleaned and passivated withfor flows of 100 and 250 sccm (standard cubic centimeters per
a F plasma for several minutes before data are collected for aminute) for aluminum wall materials. Higher flows, up to 1000
particular flow rate or pressure. Data are collected at various sccm, give results very similar to these.
pressures and flows, varying the conditions in different orders  As can be seen in Figure 2, the percentage of the fluorine
in different data sets to eliminate systematic errors from found as F atoms decreases with increasing pressure, the
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Figure 3. Percentage of F atoms in F/HR/Fstainless steel walls. Figure 4. F atom percentage versus pressure for different wall
A plot of the percentage of total F atoms found in each of the three materials. A plot of the percentage of total F atoms in plasma found as
(FIHF/R) possible F-containing species for a 12-in. test section of atomic F vs total pressure for different wall materials, as indicated in

stainless steel wall versus total pressure. the figure.
. . 90-
percentage of fluorine found as molecules increases steeply F,
with increasing pressure, and the percentage of fluorine detected 80 =,

as HF is small and also decreases with increasing pressure. The
appearance of HF is the result of contamination with H-
containing species (water, hydrogen) adsorbed on the tube walls 60+
or held within the bulk material and subsequent reaction with
F. Commercial reactors apparently generate less HF than found
in these laboratory studies.

When working with the other very different tube materials, 30

Percent Total F

--4-- Stainless Steel

—A— Quartz
we note particularly the same increasing ffercentage and 20 —&— Anodized Aluminum
decreasing F percentage with increasing total pressure; for ] = Teflon
instance, see Figure 3 with data from stainless steel wall 10+
material. Monel, nickel, and Teflon are also employed as wall 51 3 3 2 & & T &

materials in these studies. Monel and nickel are known to

passwatef Inoé%%prezence Olfl I;/HE,/dEven at dtemperatures flln Figure 5. F, molecule percentage versus pressure for different wall
excess of 1 , and so-called end-capped PFA-type Teflon  5terials. A plot of the percentage of total F atoms in plasma found as

is believed to be the most inert type of Teflon. Despite the very molecular  vs total pressure for different wall materials, as indicated
different surfaces that monel, nickel, and Teflon present in the figure.

compared to other wall materials employed, the trends in F and
F, percentages are fundamentally the same as those reported o . )
for aluminum and stainless steel. The measurefefcentage V- Kinetic and Mechanistic Analysis of MS Data
is similarly related largely only to total pressure, and the  A. Procedures and Equations.In a conventional flow
measured F percentage is inversely related largely only to totalkinetics experimental system, a constant velocity of material
pressure, as seen in all previous experiments. In generalflows through a mixing tube, and measurements of the
concentration differences for F angl¢éan be dependenton walls  concentrations of reactant and products are made at different
and flows, but only at very low pressures. These differences points in the flow tube. Concentrations of reactants and products
can matter £20%) but need to be more thoroughly explored are obtained as a function of time by measuring these concen-
from <100 mTorr to~1 Torr. The variation of the %[F] values  trations at different distances from the point of mixing or
from run to run is probably10%. All of the plots are very  generation of the reactants. Plots of concentration vs time can
similar, despite very different wall materials. One would expect be made, and reaction rate constants can be determined from
that reactive surfaces such as quartz would offer an exceedinglythem in the usual textbook manrféré
different surface to the wall recombination process than Teflon,  An alternative method to vary the time axis for the reaction
yet the results are fundamentally the same. The pressures (1 is to change the velocity or residence time of the material being
10 Torr) and the flow rates (16@L000 sccm) make all the  studied, while keeping a constant sampling distance or tube
difference, and the wall material is essentially irrelevant over length. In this case, the “time” axis is actually the flow velocity
this range of pressures and flows. Only at the lowest pressuresaxis, and the reactant velocity (residence time) is varied by
(generally less than 1 Torr) are any significant differences controlling flow and pressure. This latter method is much better
between the wall materials observed. Figure 4 summarizes thesuited to the physical requirements of our system and the nature
%][F] vs pressure findings for several materials, and Figure 5 of the experiments pursued.
presents the %pf vs pressure finding for the same mater- The first step in the data analysis for a fixed sampling
ials. point position study is to find a relationship between velo-
On the basis of these observations, we postulate that a surfaceity (and hence time since start of reaction at a fixed point) and
reaction may be responsible for HF generation and that F the pressure and flow rate. Using the ideal gas law and the
reaction to form E occurs mostly in the gas phase. definition of velocity as a starting point, one can derive the

Pressure [Torr]
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Figure 6. Relative concentration vs residence time: Teflon. A plot of
relative concentration (FéFHF/FR, F./Fg) vs residence time in wall
material test section for Teflon-lined aluminum tube.
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mechanisms with those derived for the data from the experi-
mental studies.

B. Single Reaction MechanismsOnly a handful of elemen-
tary reactions are commonly observed, namely zero order, first
order, second order, pseudo-second order, and third order. The
simplest mechanism for the Formation reaction would be one
single elementary step. We start by analyzing the data relative
to these elementary steps.

1. Second OrderThe simplest elementary reaction mecha-
nism that would make sense for the fermation reaction is a
second-order reaction, such as

F+F o F, (2)
The rate equation for this reaction is
d[F
R= % = —2kJF]? (3)

By integrating the above equation, the integrated rate equation
is

following relationship between residence time and pressure and 1 1
flow: = = _2kst 4+ — (4)
' [F] [Fl,
1
| Plotting [F]™* vs time should yield a straight line of slope
us)= F(S—CC) [P(Torn] x 2k, from which the rate constait can easily be determined;
min however, the experimental data do not produce a straight line
[A(cr‘r12)][L(cm)] [298(K)[60(S)] [1(scc)] when plotted in this manner, and thus, a single second-order
{ 3 - ] reaction is not an acceptable mechanism for the formation of
[T(K)] [760(Torn)] ) | [1(cn)][1(min)] F, in this experiment.
2. Pseudo-Second OrdeA mechanism for a third-order/
or ) pseudo-second-order reaction for a recombination reaction is

7= {P}{%}{%}{ZB.SG}

in which 7 is residence timek is mass flow (in sccm)A and
L are cross-section area and length of the flow tube, Bl

FtF+M_F+M ()

in which M is any third body to remove the excess collision
energy and; is the third-order reaction rate constant. The rate
for this reaction is written as

temperature. Using this result, the residence time of the reactive

species in the wall material test section can be calculated. These R

results are given in the following section.

The basic data presentation for kinetics information is the

plot given in Figure 6, namely relative concentration vs

residence time. To account for the initial concentration variation

with different flow rates, we plot [F]= [FI/[F]o (or [HF)/[F]o,

[F2l/[Flo), the relative (or normalized) concentration versus

residence time.

diFl_
= 2KIFIM]

(6)

In cases such as recombination, for which [M] is constant during
the reaction, this equation can be rewritten as

d
R= % = -2k JF? ()

To get from those plots to a mechanism, one postulates a
mecharnsm’ Computes [><\}S res|dence t|me’ and Compares the in Wh|Ch kqs |S the pseudO'Second'order I’eaCtion rate 90nstant.
results to the experimental data. For example, one could The reaction (5) is called “pseudo-second order” since the
postulate that the reaction is a simple first-order reaction in F. Measured rate constaiils, is not a real rate constant (which
To test that possibility, one would plot In [F] vs time. If the Must be a constant), but rather it is dependent on the total
reaction is first order, that plot will produce a straight line with ~concentration (or total pressure in our case). By integrating the
slopek, the rate constant for the reaction. This is the standard above equation, the integrated rate equation is obtained:
procedure outlined in nearly any kinetics textbook for a static
systen4—46 1 _ —2k,d +
The procedure is more complicated for a flow system such [F]
as that used in our experiments, but the same basic procedure
can be appliedta mechanism is postulated, and its kinetics Plots of [F[! vs time should yield a series of lines (one for
results are compared to the experimental results. Several basi@ach [M]), and the slope of each of these linesks for that
mechanisms are reasonable for the possible reactions that mighfM]. The true third-order rate constant is then found from a
occur. Below we compare the rate predictions for these plot of kys vs [M].

1

L ®)
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The flow system that we have adds an extra level of One possibility is the following two-reaction mechanism
complexity to this analysis. Since the concentration of third scheme:
bodies ([M]) and timet) are both dependent on pressure, this
dependence must be included in the integration. Thus, F+F+M P F,+ M (volume)  {pseudo-second order

F+H o HF (wall)  { zero ordey

f d[F] = [ —2k[M] dt
This mechanism makes sense relative to the general trends
11 { T}{P_(L_A)(M} (9) of the data. The production of HF must come from the walls,
[F] [F]o RTL FIT/\ 298 as walls are the only reasonable source of hydrogen in the
1 1 system. The major reaction for the loss of [F] is conjectured to
= = _2kpSP2 + = be the gas-phase reaction, due to the only minor dependence
[ 0 (and only at low pressure) of the reaction on wall material. Note,
too, that the FF bond is~35 kcal/mol and the HF bond is
in which kys is k; (the true three-body rate constant) divided by ~150 kcal/mol.
the flow and a series of constants (note that in eq 9, [F] is the  In much the same way as with the single elementary reaction,
concentration of F atoms, andFlis the inverse of the Nf the rate equations for the species in the reaction can be
flow, in sccm). Thus, a plot of the inverse of concentration vs employed, and an integrated rate equation can be found. Thus,
total pressure squared will produce a series of lines with slope Equations 1313 are integrated to get the integrated rate laws.
2kos. From thesekys values, the true three-body rate constant d[F]
can be calculated.
To be able to observe this dependence, all the data for F atom dt Zk"[M][F] ~ K (11)
concentration based on different wall materials are analyzed

together in a plot of inverse F atom concentration vs (pressure) d[ 2] MITE 12
This graph has some of the characteristics of the theoretical = kIMIL ] (12)
plot. Data for different flow rates are grouped and have different

slopes. The low-flow data are generally above the high-flow d[HF] _ (13)
data; however, the pseudo-second-order model does not explain d K

all the observations, either. Noticeably missing are any explana-
tion of the HF concentration and an explanation of the low- These are not simple solutions:
pressure region. In the low-pressure region, pseudo-second-order
assumptions break down, and the reaction looks more like third [F] = — 5 X
order. FLKM] /s
3. Zero Order.Zero-order reaction kinetics are possible in 0
several ways. First, surface reactions tend to have zero-order @ tvV2\/k,k[M] — arcta —m V2,/k K [M]
kinetics. Also, saturated systems have zero-order Kkinetics. kakil
In zero-order kinetic reactions, the concentrations of reactants k,[M]
and products at a given time are related only to time, not to (14)
the concentrations at that time as well, as they are in all other

orders. A plot of concentration vs time should give a straight M1 +/2\?
horizontal line. This is not what is observed in the present tan(u«/_\/kWIQ[M) —[ Jo V] K,
experiments. f Kk IM]
C. Two Reaction Mechanisms.The above zero-, first-, 02 2
second-, and third-order elementary reactions do not generate tan(u«/i\/ Kk [MDIF] ok, [M] V2
satisfactory rate equations for the observed [B)/[AF] vs time [k, K [M]
dependences, and thus a more complex mechanism must be (15)
responsible for the experimental behavior. Using the following
equation, [HF] = k,t (16)
1 l Using these equations, plots of the relative concentrations of
= —(n— 1)kt + - (10) all three species versus time (see Figure 7) can be generated.
[A] o These plots more closely match the actual data than any of the

individual elementary reactions. The general shapes of the curves

the overall ordem for a rate expression due to a complex are correct (especially the {Fand [F] curves), and at least a
mechanism can be determined. One plots the inverse ofrough fit to the [HF] concentration vs time can be estimated,
concentration raised to a particular power vs time, and then finds especially at longer times.
which value ofn (reaction order) gives the best fit to the We can learn about the two reactions’ rate constants as well.
experimental data. We find that= 1.68 gives the best fitto  The ratio ofk, (true third-order rate constant, units of €m
the F atom loss data, anmd~ 2 gives the best fit to the o molecule? s1) to ky, (zero-order rate constant, units of tfn
molecule formation data. molecule st) must be in the range of 5aL00. A ratio of 1

1. Pseudo-Second-Order Gas-Phase and Zero-Order Wall does not produce a crossing point for the [F] ang ffehavior
Reactions.Non-integer reaction orders are possible for more in the time frame of the experimental data, and does not
complicated mechanisms if more than one elementary reactionreproduce the data well. Similarly, a ratio of 100 or more does
is involved. A two-reaction mechanism, with a pseudo-second- not produce HF concentrations that approach the levels in the
order component and a zero-order component, can be postulateddata. The best fit comes from a ratio lkafk, ~ 75.
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2. Pseudo-Second-Order Gas-Phase and First-Order Wall
ReactionsOther combinations of two reactions can also be tried.
A pseudo-second-order volume reaction and a first-order surface
reaction can be postulated. One possibility is the following two-

Stueber et al.

Pseudo-second & Zero Order

reaction mechanism scheme:

F+F+M-

F,+ M (volume)  {pseudo-second order(17)

F+H-~HF (wall)  {first orde} (18)

In much the same way as with the pseudo-second-order/zero-
order mechanism, the rate equations for the species in the 0

reaction can be employed,

I — 21 M) - Kl (19
d[F
% = k[MI[F]® (20)
d
% = ky[F] (21)
and an integrated rate equation can be found:
[Fl = K al (22)
—2k [M] + A &t + 2k [M] et
1 1) k't
[Fal = 5IFlo + Z[ W} -
K, t In(@(l - ekwt))
k[M]
1 Ky
—2K,[M] + % ot 4 2k My e (2
K/t '”(—ZKV[F] Ma- e”‘”t>) i
[HF] =1 al - 1[ K”—} (24)
2 k[M] 2\ k[M]

o
[}
1

0.4 4

0.2

Relative Concentration [% total F]

o
o

Residence Time [s]

Figure 7. Relative concentration vs residence time: theoretical plot
for pseudo-second-order/zero-order reaction. A theoretical plot of
relative concentration (FéFHF/F, F./Fo) vs residence time for a system
with a pseudo-second-order volumgfBrmation reaction and a zero-
order wall HF formation reaction. The ratio kf (true third-order rate
constant) tdk, (zero-order rate constant) is 75.

Pseudo-second & First Order

Relative Concentration [% total F]

Residence Time [s]

Figure 8. Relative concentration vs residence time: theoretical plot
for pseudo-second-order/first-order reaction. A theoretical plot of
relative concentration (FéFHF/F, F2/Fo) vs residence time for a system
with a pseudo-second-order volumgfBrmation reaction and a first-
order wall HF formation reaction. The ratio kf (true third-order rate
constant) tdk, (first-order rate constant) is 50.

3. Other Multi-Reaction Mechanism&n F, wall elementary
reaction component can also be added to these reaction sets to
give a three-reaction mechanism. This augmented reaction set
would further complicate the mathematics and the mechanism,
but would not add much insight to the overall process because
only total F, is measured. This additional complication, while
perhaps a part of the general reaction mechanism, is not

Using these equations, we can again generate plots of the relativalemanded by the present data. Nonetheless; amalFreaction
concentrations of all three species versus time (see Figure 8).that competes with the HF wall reaction might explain the
The general shapes of the curves are again correct (especiallyifferences between the theoretical [HF] predictions and the

the [F;] and [F] curves), and a rough fit to the [HF] concentration
can also be obtained, especially at longer times.

experimental [HF] results.
Combining all the information from the kinetics studies and

We can learn about the two reactions’ rate constants, as well.analysis with the information from the mass spectroscopy

The ratio ofk, (true third-order volume rate constant, unitsécm
molecule? s1) to ky, (first-order wall rate constant, units’y
must be in the range of 35/5. A ratio of 1 does not produce
a crossing point for [F] and Pf in the time frame of the

concentration studies allows us to make some general observa-
tions.

(1) Kinetics analysis of the mass spectroscopy data shows
that surface material is not a controlling factor for the generation

experimental data, and does not reproduce the data well.of HF and k under the conditions employed.

Similarly, a ratio of 75 or more does not produce HF concentra-

(2) The loss of F atoms shows kinetics results that indicate

tions that approach the levels we typically see in the data. Thea reaction order (order= 1.68) that is consistent with a

best fit to the data comes from a ratio kafk, ~ 50.

combination of surface and volume reactions.
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(3) Production of EFhas an overall order that is close to 2.0, TABLE 1: Pseudo-Second-Order Volume Reaction Rate
suggesting that the generation of i mostly through a gas- Constants for F+ F+M — M + F,

phase reaction (pseudo-second order). rate constant collision
(4) Data for the production of HF show a surface-independent, _ (cm® molecule®s™) gas M temp (K) ref(s)
relatively constant level of HF, which is consistent with a surface 7 x 10733 He 300-500 54
reaction (zero or first order) that is not material dependent, but ~ 4.1x 10°% He 300 55
is related to the adsorbed/absorbed hydrogen in many forms (6£1) x 10°% He 300 48
(OH, _H2, H.0, ...) present on all surfaces, and in all bulk gg?f‘f)ﬁxlclr@% ﬁ: 288 gg
materlals, to some extent. (4.7i 1.2) x 10734 F, 300 a7
These four observations can be reconciled in three ways. First, 8 x 1073 N 300 60
a surface reaction is a major recombination pathway, but the 10 57-59

reaction is independent of surface material and, unlike most a Estimated on the basis of pre"minary dat&alculated.

surface reactions, is second order. Second, a surface reaction is

the major recombination pathway, but the reaction is saturatedvolume recombination, especially at low 10 Torr) pressures.

for all surfaces at the typical pressures and residence times usedhe volume rate constankj is on the order of 104 cmf

in our experiments. We will discuss possible further experiments molecule? s=1 over a pressure range from about 10 Torr to
in the next section that could distinguish between these two several hundred Torr total pressure.

possibilities. The third possibility is that the major pathway for The present Ni-feed gas studies find very similar conclu-
the loss of F atoms from the gas flow is actually composed of sions. These data are modeled with a pseudo-second-order
several different elementary mechanisms of different reaction volume F, formation reaction (- F+ M — M + F,) and a
orders that are of varying importance at different pressures, first-order HF formation reaction (H F — HF). As with the
making analysis of the overall mechanism difficult to interpret F, feed gas data, the NFeed gas data find a first-order, F
from a general data set. We believe that the observed data arevall formation reaction (FH F — F,) to be negligible. The
best treated under the latter possibility. Thus, wall reactions for NF; feed gas data also give rate constants within the range of
at least HF generation and volume reactions fpg&neration 10734 cm® molecule? s™1. For example, the data for Teflon
are major elementary reactions contributing to the observed [F], liners (comparable to a Teflon-coated system reported in ref
[HF], and [FR] components of the flow. Given the above 60; see Table 1) produce a true third-order rate constantf
possibility, the ratio of the rate constants for the third-order gas- magnitude 10%3—10-34 cm® molecule? s™1 over a pressure
phase reaction for Fgeneration and the zero- or first-order range from 0.5 to 10 Torr.

surface generation of HF lg/k, ~ 75 for the zero-order wall

scheme andk./k, ~ 50 for the first-order wall scheme. V. Conclusion
~ D. Comparison to Other Published Data.The recombina- The reaction pathways for fluorine radicals, generated from
tion of F atoms derived from Ffeed gas to re-form Fhas NF; or I, in microwave and RF plasmas, are investigated by

been previously studied, but no other studies have beenToOEMS. The two products identified are; and HF. The
published using Ni-feed gas. The Ffeed gas studies give  concentrations of the mass spectroscopically measured effluent
results fundamentally in agreement with our J\feed gas  species F, & and HF do not, in general, depend on wall material
studies, despite some differences in experimental proceduresin the range 1< P < 10 Torr; the only variations of [F]/[}/
The F, feed gas studies were done with different buffer gases [HF] ratios with respect to wall material are found under low-
to take away the excess energy (Ar, He, etc), with much lower pressure conditions (below 1 Torr). The most significant changes
F atom mole fractions (25%), and at much higher pressures ijn gas concentration are observed as a function of flow rate
(1-500 Torr). In addition, most of the earlier work used and total pressure. Specifically, the F relative concentration
chemiluminescent titration of F atoms with chlorine. Such decreases from 80% to 20%, and ther€lative concentration
measurements were found to be susceptible to error due to thgncreases from 20% to 80%, upon increasing the pressure from
complexity of halogen atom recombination proces3es. 0.5 to 10 Torr. In all cases, the HF relative concentration is
A comprehensive wall recombination study at low F atom found to decrease with increasing pressure, although the overall
pressures<0.2 Torr) and short residence timesQ.05 s) was changes are small. Since the concentration of F radical does
published by Nordine and LeGrange.Here, the use of not depend on the nature of the transport tubes, we conclude
aluminum vs alumina yielded similar F atom loss probabilities that the F+ F — F, reaction predominantly occurs in the gas
if the materials were left untreated. This similarity is due to the phase. Conversely, the uptake of surface-bound H by F radicals
formation of a passivating aluminum fluoride surface layer on leads to HF.
both materials. When cleaned with dilute HF, the neat aluminum  Since both surface and volume reactions contribute to the
surface contributed to an order of magnitude higher consumption overall loss mechanism for F radicals, we fit our experimental
of F atoms. data to a set of kinetic equations to obtain the overall reaction
The present fand NF; feed gas study conditions are chosen order. F reaction to form Fs best modeled as a third-order/
in order to investigate better the pseudo-second-order kineticspseudo-second-order reaction,
of the system and to match the conditions typically employed

by the semiconductor industry. But, despite these differences, F+tF+tM-~F,+M
the same major conclusions can be seen in both sets of
experiments. in which M is any third body to remove the excess energy and

The reported F feed gas studié$>! model the F atom k, is the third-order reaction rate constant. HF generation on
recombination as a combination of pseudo-second-order volumethe surface can be modeled as either a zero-order or first-order
reaction (F+ F+ M — M + F,) and first-order wall reaction  reaction with rate constarkiy.

(F + F — F). The first-order wall recombination reaction is The model fits our data best forka/k,, ratio of about 75 (for
found to be negligible relative to the pseudo-second-order a zero-order wall reaction) and about 50 (for a first-order wall
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reaction), and the reaction order for loss of F is found to be 3(%3)825‘~asaki, K.; Kawai, Y.; Suzuki, C.; Kadota, &.Appl. Phys1998
1.68. Kinetics analy.SIS of the mas.s spectroscopy data Sh.owss ‘(20) Kawai, Y.; Sasaki, K.; Kadota, KRPlasma Sources Sci. Technol.
that surface material is not a controlling factor for the generation 19957 36,

of HF and F, under the conditions employed. The loss of F (21) Sasaki, K.; Kawai, Y.; Suzuki, C.; Kadota, K.Appl. Phys1997,
atoms shows kinetics results that indicate a reaction order (order82 5938. o

= 1.68) that is consistent with a combination of surface and ngszl). Kawal, Y.; Sasaki, K.; Kadota, Klpn. J. Appl. Phys. 2997 36,
volume reactions. Production o Ras an overall order that is (23) Sasaki, K.; Kawai, Y.; Kadota, ®ppl. Phys. Lett1997, 70, 1375.
close to 2, suggesting that the generationgffnostly through (%4) Cunge, G.; Chabert, P.; Booth, J. R.Appl. Phys.2001, 89,

a gas-phase reaction (pseudo-seco_nd order). Data f(.)r the???zé) Shimizu, M.; Yasutake, K.; Ohmi, H.; Takeuchi, A.; Kakiuchi, H.;
production of HF show a surface-independent, relatively yoshii, K.; Mori, Y. Appl. Phys. B-Lasers Opt2001, 72, 227.

constant level of HF, which is consistent with a surface reaction  (26) Tachibana, K.; Kamisugi, H\ppl. Phys. Lett1999 74, 2390.
(zero order or first order) for its generation. In the low-pressure ~ (27) Elyaakoubi, M.; Ranson, B. Appl. Phys1995 78, 4733.

region, pseudo-second-order assumptions break down, and th%S’(zl?Sgansen‘ S. G.; Luckman, G.; Colson, S/Appl. Phys. Lett1988
gas-phase reaction that generateddeks more like a third- (29) Schwarzenbach, W.; Tserepi, A.; Derouard, J.; Sadeghipi.J.
order reaction. To obtain a true reaction mechanism in this low- Appl. Phys. 11997, 36, 4644. _
pressure regime<(0.5 Torr), a separate study is required that Sci(3%cﬁsneor|e%$§?7Sl%h";irzzoe”b“h* W.; Derouard, J.; Sadegh, Yac.
focuses specifically on this pressure range. (31) Raoux, S.; Tanaka, T.; Bhan, M.; Ponnekanti, H.; Seamons, M.;
The decrease in the F atom concentration with increase in Deacon, T.; Xia, L. Q.; Pham, F.; Silvetti, D.; Cheung, D.; Fairbairn, K.;

discharge pressure for the plasma flow is one of the main Johnson, A.; Pearce, R.; LanganJJVac. Sci. Technol. 8999 17, 477.
(32) Raoux, S.; Cheung, D.; Fodor, M.; Taylor, W. N.; Fairbairn, K.

findings of this research. Of course, the main reason for this p cia sources Sci. Techndb97 6, 405.

behavior is the pseudo-second-order reaction/recombination

(33) Johnson, A. D.; Entley, W. R.; Maroulis, P.Sblid State Technol.

kinetics for the F/B/HF system. The plasma conditions (electron 2000 43, 103.

energy, collision rates, NFragmentation, etc.) can also play a

(34) Oh, B. H.; Bae, J. W.; Kim, J. H.; Kim, K. J.; Ahn, Y. S.; Lee, N.
E.; Yeom, G.Y.; Yoon, S. S.; Chae, S. K.; Ku, M. S.; Lee, S. G.; Cho, D.

role in this behavior, but the details of the plasma dynamics y surf. Coat. TechnoR001, 146 522.

are not known or well controlled for this system because the

(35) Tonnis, E. J.; Graves, D. B.; Vartanian, V. H.; Beu, L.; Lii, T;

plasma impedance and coupling to the input radio frequency Jewett, RJ. Vac. Sci. Technol. 200Q 18, 393.

or microwave power are not constant.
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