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The adsorption and reaction of both molecular and atomic fluorine with the Si(100) surface
has been examined under ultrahigh vacuum conditions with supersonic molecular beam tech-
niques, X-ray photoelectron spectroscopy (XPS), quadrupole mass spectrometry and low-energy
ion scattering spectroscopy. Molecular fluorine adsorbs dissociatively on the clean Si(100) surface
with an initial (zero-coverage) probability of adsorption of 0.46 +0.02, which is essentially
independent of both the incident beam energy ({ E,.> =1.5-19 kcal mol ~!) and surface tempera-
ture (7, =120-600 K). The coverage-exposure relationship for F, is characterized by an initial
rapid phase of adsorption, which saturates at a coverage of # =1.5 monolayers (ML), followed
by a much slower phase of adsorption, which does not saturate even at an exposure of 600 ML.
For substrate temperatures of 300 K and above, the rapid phase of adsorption is described well by
second-order Langmuir kinetics. However, below 300 K, trapping into a mobile (molecular)
extrinsic precursor state on the chemisorbed adlayer becomes important, which results in an
adsorption probability that is nearly independent of coverage at 120 K. The adsorption of atomic
fluorine is qualitatively different from molecular fluorine. Although the initial probability of
adsorption is quite similar, i.e., approximately 0.5+0.3; the adsorption probability of atomic
fluorine is only weakly dependent on coverage, decreasing only by a factor of two at a coverage of
3-4 ML. Temperature-programmed decomposition of silicon-fluoride adlayers, produced by
exposing the clean Si(100) surface at 120 K to a beam of fluorine, yielded SiF,(g) and SiF,(g) as
the only gas phase reaction products. The relative yield of these two gas phase reaction products
depends strongly on the initial coverage of fluorine adatoms — below ~ 3 ML, SiF, (g) is the major
reaction product, whereas above ~ 3 ML, the yield of SiF,(g) remains constant while that of
SiF,(g) increases continuously. Above initial coverages of 2 ML, the thermal decomposition is
terminated near 800 K by the removal of one monolayer of the silicon substrate in the form of
SiF, (g). A detailed analysis of the decomposition for coverages below 3 ML revealed complex
behavior, the kinetics depending sensitively on the initial coverage of fluorine adatoms. For
example, for initial coverages of 1-1.3 ML, zero-order kinetics were found to apply as the
coverage decreases from 1.0 to 0.3 ML. A qualitative assessment of the adlayer configuration
following partial decomposition suggests that the thermal decomposition in the zero-order regime
proceeds inhomogeneously, leaving separate domains where the local coverage of fluorine is either
near saturation or zero. We suggest that the spatially inhomogeneous decomposition is a
manifestation of preferential reactivity at surface defects such as atomic steps. Investigation of the
steady-state reaction between F,(g) and the Si(100) substrate for temperatures of 650-1200 K
shows conclusively that fluorine must be adsorbed dissociatively for the gasification reaction
[production of SiF,(g)] to occur, i.e., a Langmuir—Hinshelwood mechanism dominates.
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1. Introduction

The interaction of fluorine with silicon has attracted particular interest due
to its fundamental role in the processing of microelectronic devices [1-29]. For
example, fluorocarbon (e.g., CF,) plasmas are commonly employed to etch
silicon surfaces for pattern transfer [1,2]. In this case, the dominant reactive
species in the plasma is generally believed to be fluorine atoms. Considerable
technological interest exists also in the use of WF in vapor phase deposition
of thin tungsten metal films [3]. In the absence of hydrogen, this latter process
results also in removal of Si substrate atoms, primarily in the form of SiF,. In
regards to a more fundamental point of view, most work to date that has
examined the interaction of fluorine with surfaces of silicon has employed
either XeF, [4-18], or fluorocarbon [19-21] or fluorine {22,23] radicals and
/or ions as the gas phase source of fluorine. In particular, surprisingly little
effort has been directed towards an examination of molecular fluorine with
surfaces of silicon {24-26]. This may be due to the fact that molecular fluorine
is thought to interact “weakly” with silicon surfaces, i.e., exposure of F, does
not lead to an appreciable rate of “spontaneous etching” of the surface at
room temperature [4,25}, which does occur if silicon is exposed to XeF, [4].
Since similar reaction intermediates (e.g., SiF, species, where 1 < x < 3) can be
expected to form from similar concentrations of fluorine adatoms, indepen-
dent of the particular source of fluorine, an explanation for this observed
difference between F, and XeF, or F atoms most probably involves the
relative reactivity (i.e., the adsorption probability) of these gas phase species
with both clean and partially fluorinated silicon surfaces [4,16]. Obviously, a
detailed examination of the adsorption kinetics of F, on silicon would lend
considerable insight into resolving these observations.

Winters and Coburn [4] have demonstrated that exposure of silicon to XeF,
at room temperature results in an isotropic etching of the silicon surface, the
rate being linear with the partial pressure of XeF, over a wide range of
pressures, i.e., between approximately 4 X 107* and 1.4 X 10~ Torr. Thus,
under these reaction conditions, the etching rate was limited by the incident
flux of XeF,. The dominant gas phase reaction product was identified as SiF,
[6]. More recent work has implicated both SiF and SiF, as minor gas phase
reaction products [8]. SiF, has also been identified as a gas phase reaction
product from the reaction of both fluorine atoms {23] and molecular fluorine
{26] with surfaces of silicon. In regards to the reaction of XeF,, McFeely and
co-workers [17], employing soft X-ray photoelectron spectroscopy (XPS), have
shown that the room temperature etching of silicon is dependent upon the
buildup of a “thick” fluorosilyl layer, which involves approximately 6-7
monolayers (ML) of the silicon substrate. The dominant fluorine-containing
species in this layer is SiF; [17].
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McFeely and co-workers have also examined the distribution of adsorbed
species on silicon surfaces resulting from relatively low exposures of XeF,,
employing both XPS [10] and electron energy loss spectroscopy (EELS) [11].
For fluorine concentrations corresponding to ~ 2 monolayers, SiF was found
to be the dominant species on both the (100) —~(2 X 1) and (111) - (2 X 1)
surfaces of silicon. However, on the less “perfect” stepped, sputtered or
(7 X 7) Si(111) surfaces, the relative abundance of the more highly fluorinated
SiF, and SiF; species was found to be greater. Thus, it was suggested that, at
low coverages, the SiF, and SiF; species are associated with defect sites such
as atomic steps. Unlike the relatively thick fluorosilyl adlayers formed from
high exposures of XeF,, the adlayers corresponding to the monolayer regime
have been found to be stable to substrate temperatures near 800 K [5,14].
Steinfeld and co-workers [14] have reported that SiF,, SiF, and SiF are the
only gas phase reaction products resulting from the thermal decomposition of
fluorosilyl adlayers produced by exposure of silicon to XeF,.

To the best of our knowledge, Stinespring et al. [24] have conducted the
only relatively detailed examination of the adsorption kinetics of both molecu-
lar and atomic fluorine on a silicon surface. Employing XPS and an effusive
beam as the source of molecular fluorine, these investigators reported an initial
probability of (dissociative) adsorption of F, on Si(111) at room temperature
of ~0.7, and a “saturation” coverage of 6.5 X 10 atoms cm™2. For a beam
of atomic fluorine, these same investigators reported a value for the initial
probability of adsorption of F that was similar to that found for F,, whereas
considerably higher coverages could be obtained for comparable exposures of
F versus F,, e.g., the “saturation” coverage for atomic fluorine, although not
explicitly assigned, was certainly in excess of 2 X 10" atoms cm™2. These
experimental observations suggest that the crucial difference between F, and
XeF, or F atoms in regard to the etching of silicon at room temperature lies in
the relative probabilities of adsorption on a partially fluorinated silicon
surface.

We have investigated in detail the interaction of fluorine with the Si(100)
surface by employing supersonic molecular beam techniques, XPS, low-energy
ion scattering spectroscopy (ISS) [30], and quadrupole mass spectrometry.
Supersonic molecular beam techniques have proven to be most useful in the
investigation of elementary gas—surface reactions [31,32]. In particular, molec-
ular beam techniques permit a decoupling of the energy states of the incident
gas phase molecules (e.g., the incident translational energy), and the energy
states of the solid surface (e.g., the substrate temperature). In regards to the
dissociative adsorption of diatomic molecules on solid surfaces, of obvious
importance here, a number of investigators [33,34] have demonstrated that
activation barriers to adsorption can be overcome by gas phase molecules
possessing sufficient incident translational energy. Recent work has also
demonstrated the importance of the internal energy states of the incident gas
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phase molecules [35,36]. Finally, substrate temperature can be critical in
regards to the ability of a surface mediate dissociative adsorption through a
“precursor’ state [37].

We shall report here a detailed study of the kinetics of the adsorption of
molecular fluorine on a Si(100) surface. The effects of both the incident
translational energy of the F, molecules, and the Si substrate temperature on
the adsorption kinetics will be considered explicitly. For comparison, and in
considerably less detail, we shall consider also the adsorption of atomic
fluorine. In order to investigate the surface reactions that lead to the gasifica-
tion of the Si substrate, the thermal decomposition of silicon-fluoride adlayers,
produced by exposing the Si surface to a beam of F, (or a mixture of F, and
F), will be considered in detail. Concerning this subject, a brief report has
appeared previously [38]. Modulated molecular beam techniques [31] will be
employed also to investigate the kinetics of the decomposition reaction,
however, in this case emphasizing primarily the limit of very low coverages.
Finally, the steady-state reaction of F, with the Si(100) surface will be
examined as a function of the substrate temperature. Concerning this reaction,
the effects of a coincident Ar™ ion beam will also be considered. It is hoped
that armed with knowledge of the independently derived adsorption and
decomposition kinetics, a more complete understanding of the steady-state
etching of Si by F, molecules will emerge.

2. Experimental procedures
2.1. Apparatus

The experiments described here were conducted in a turbomolecular-
pumped stainless steel ultrahigh vacuum chamber, which has been described in
detail previously [39]. Briefly, the main analysis chamber contains a sample,
mounted on a manipulator, located at the foci of a hemispherical energy
analyzer (Leybold-Heraeus EA-11,/100), a dual anode X-ray source, a
doubly-differentially-pumped scanning ion gun (Leybold-Heraeus IQE 12 /38),
and the molecular beam. The ionization source of the quadrupole mass
spectrometer (UTI 100C, fitted with a Balzers cross-beam ionizer) is located
5.6 cm, line-of-sight, from the sample. Differential pumping of the mass
spectrometer, important for experiments involving reactive scattering, is pro-
vided by a liquid nitrogen-cooled copper shroud with two collimating aper-
tures, which surrounds the ionization region. For the specific system consid-
ered here, i.e. fluorine on silicon, line-of-sight differentially-pumped detection
also minimizes spurious effects due to wall reactions, which may come into
play since (highly reactive) radical species, such as SiF,, are expected as
reaction products [8,14,25,26]. Although this method of cryogenic differential
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pumping was only marginally successful for SiF,, high pumping speeds were
effected for SiF,. Because of inherent geometric limitations, a fixed sample
geometry was employed in this study, with angles of 33°, 75°, and 59°
between the sample normal and the energy analyzer, the molecular beam, and
the mass spectrometer, respectively. All experiments were interfaced with an
LSI 11 /73 minicomputer, equipped with a home-built multichannel scaler that
was employed for pulse-counting of both the mass spectrometer and energy
analyzer signals. An 18-bit D /A converter was employed to program and/or
multiplex either the mass spectrometer or the energy analyzer.

The molecular beam is formed from a variable temperature nozzle source
located 57 cm from the sample. The nozzle assembly consists of a thin-walled
Ni tube, sealed at one end, with a pin-hole orifice of diameter =130 pm
spark-eroded in the side. The tube can be heated resistively and the tempera-
ture is measured with a chromel-alumel thermocouple spot-welded near the
orifice. Prior to admission to the nozzle tube, the fluorine gas (either 10%F, /Ar
on 10%F, /He, Matheson) was sent through a NaF “scrubber” to remove any
HF impurity (i.e., via the reaction NaF + HF — NaHF,). The source chamber
is pumped by a 20000 #s~! diffusion pump, whereas the two intermediate
beam forming chambers are pumped by 7000 £s~ ! diffusion pumps. The beam
can be modulated just prior to entering the main analysis chamber, i.e., in the
second intermediate chamber, by a 50% duty cycle rotating disk chopper at
frequencies between 30 and 240 Hz. Modulation frequencies of less than 2 Hz
can be obtained by employing a flag mounted in the source chamber between
the nozzle and the skimmer. Finally, a pneumatically operated isolation valve
separates the source chamber and the first intermediate chamber, providing
accurate control of exposure times of the sample to the molecular beam.

The Si(100) crystals were cut from a wafer (p-type, 40-50 £ cm) into 1 X 3
cm rectangles, subsequently treated with hot H,SO,, HF and NH,0H/H,0,,
and finally rinsed with distilled water before insertion into vacuum. The
crystals were cleaned in situ by argon ion sputtering and annealing to 1170 K.
Surface cleanliness was verified by XPS. The sample holder permits cooling of
the crystal to 120 K by thermal contact with a reservoir of flowing liquid
nitrogen, whereas heating of the crystal is provided by a combination of
radiative (a tungsten filament mounted behind the crystal) and direct resistive
heating (for Si, efficient at temperatures above 700-800 K). The crystal
temperature is monitored by a chromel-alumel thermocouple spot-welded to a
Ta clip attached to the edge of the crystal. Precise temperature control was
effected by employing an optimal feedback control scheme, which utilizes the
laboratory minicomputer as the control element {40]. Linear and step-function
temperature profiles are obtained easily and reproducibly. A single routine
was employed that enabled the minicomputer to control the temperature; and
control (e.g., multiplex) and monitor either the mass spectrometer or the
energy analyzer.
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2.2. Measurement of absolute beam flux

The absolute flux of the molecular beam impinging on the sample was
measured coincident with several experiments, i.e., primarily the XPS experi-
ments examining the adsorption kinetics, by employing the following method.
With the crystal removed from the path of the beam, the molecular beam is
allowed to scatter in the main analysis chamber and the partial pressure rise of
the reactant (i.e., beam) gas (AP,) is monitored with the mass spectrometer.
The mass spectrometer has been previously calibrated for absolute partial
pressure measurements by employing an ion gauge and leaking a small
amount of the reactant gas into the main chamber. Knowledge of the area of
the beam that is intercepted by the sample (4,) and the volumetric pumping
speed of the reactant gas (S) in the main chamber permit a straightforward
calculation of the beam flux F, via F,=AP,S/kyT A,, where kg is Boltz-
mann’s constant and 7 is the temperature of the chamber walls. The volumet-
ric pumping speed is calculated by measuring the both pumping time constant
{7) and the volume (V) of the main chamber, ie. §=V_/r. The pumping
time constant can be measured by modulating (chopping) the molecular beam
at a number of frequencies and monitoring the resulting time-dependent
partial pressure of the reactant gas with the mass spectrometer. Fourier
analysis gives the frequency dependent amplitude response, AP, (w) = AP, (0)/

y1+ (wr)2 , where « is the radial frequency. Provided the radial frequency
can be varied near w ~ 1/7, the pumping time constant can be measured
accurately based on a fit AP,(w) to w employing the above equation.

The above outlined method for measurement of the absolute beam flux
relies on the validity of a number of assumptions, which should be mentioned
at this time. The method assumes that the pumping speed of the reactant gas is
stable, the reactant gas is uniformily distributed in the main chamber, and the
reactant gas is fully equilibrated with the chamber walls. Provided the reactant
gas is both relatively unreactive with the chamber walls, and makes several
collisions with the chamber walls before being pumped away, these assump-
tions will essentially be met. For the reactant gas we consider here, i.e.,
fluorine, these conditions are in general nor met, due primarily to the high
reactivity of this gas. Thus, a slightly different procedure was implemented.
For the F,/Ar gas mixtures, the above procedure was employed, except that
the mass spectrometer signal for Ar was monitored. Due to the minimal
mismatch in the masses of F,(38 amu) and Ar (40 amu), we expect negligible
“focusing” of the heavier component on the axis of the beam [41). Conse-
quently, we can compute the F, flux by measuring the Ar flux and relating the
two by utilizing the relative concentrations at the stagnation conditions. For
the F, /He mixtures, the intensity of the F, signal (m/e = 38) scattered off the
Si sample (at 120 K) and detected by the mass spectrometer was assumed to
be proportional to the absolute beam flux. This signal was then compared to
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the same signal obtained for a F,/Ar mixture of known flux. Provided the
scattered intensity is independent of the energy of incident F, molecules, this
procedure permits an accurate estimate of the F, flux for the F, /He mixtures.

2.3. Measurement of absolute coverages

Relative fluorine coverages were determined by XPS with a Mg Ka source
by computing the ratio of the integrated intensity of the F(1s) peak to that of
the Si(2p) peak. Absolute coverages were obtained by comparing these
F(1s)/Si(2p) intensity ratios to similar ones for the ratio, O(1s)/Si(2p),
obtained for a known coverage of oxygen adatoms [39]. The relative sensitiv-
ity, F(1s)/0(1s), was accounted for by employing the known photoionization
cross-sections [42] and the transmission function of the analyzer [43]. In a
number of cases, the F(1s) feature was monitored in a time-resolved fashion at
a single fixed energy. in these cases the electron energy analyzer was detuned
purposely (200 €V pass energy) in order to minimize effects due to the shifts in
either the peak position or shape with the coverage of fluorine adatoms [5].
Spot comparisons of peak heights and integrated areas for a range of cover-
ages between 0.1 and 7 ML showed agreement within 5%. Drift in the XPS
signals with either time or substrate temperature were found to be always less
than 5% of the total signal.

Above coverages of one monolayer, corrections must be made for the
attenuation of the F(1s) feature due to the (assumed) penetration of adsorbed
fluorine atoms into the underlying substrate layers. To make this correction,
one is forced to assume some configuration for the fluorosilyl adlayer. The
simplest approach is to assume a “continuum” model for the adlayer, i.e., the
fluorine adatoms are distributed uniformily (constant density of Ng)
throughout an adlayer of some thickness § [44]. Provided the inelastic mean
free path (IMFP) of the F(1s) photoelectrons, Agy), is known, the apparent
(6,) and true (#) coverages can be related via § = -8 In(1 —4,/6,), where
0., = ngAgqg cos ©/n, is the apparent coverage of an infinitely thick adlayer,
AFas cos @ is the escape depth, © is the angle between the surface normal and
the detector, and »n, is the two-dimensional density equivalent to one mono-
layer (i.e., n,/Ng is the “monolayer thickness”). Assuming a monolayer
thickness of 1.36 A (e, Np=50x10% atoms cm~* and n,=6.8x10"
atoms cm™ %), A Fas) ¢an be estimated as 8.6 A, which results in a value for 8,
of 5.3 ML [44]. This value for Ag, is comparable to that employed previously
by Gruntz et al. [28], where for Al Ka radiation they assumed Agg =13 A,
which corresponds to ~ 11 A for Mg K« radiation.
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3. Results
3.1. Adsorption kinetics

3.1.1. Coverage dependence

The adsorption kinetics of F, on the Si(100) surface have been investigated
by measuring the fluorine coverage via XPS (see section 2.3) as a function of
exposure to a molecular beam of known flux (see section 2.2). A typical
experiment would consist of annealing the crystal to 1170 K, cooling slowly to
the desired temperature, verifying surface cleanliness with XPS, and exposing
the crystal to the molecular beam by opening the isolation value that separates
the source chamber from the first beam-forming chamber. After a specified
period of time, the beam valve would be closed and XPS spectra would be
collected in the F(1s) and Si(2p) regions. This procedure, i.e., exposing the
crystal to the molecular beam for a specified time, followed by the XPS
measurements, would be continued as desired. An alternate method was also
employed that involved monitoring the F(1s) peak in real time at a single fixed
energy (binding energy of = 686 eV, energy analyzer pass energy of 200 eV) as
the crystal was exposed to a constant flux of the molecular beam. Both the
“sequential dose” and “continuous dose” methods each have their advantages.
In particular, by dosing sequentially the X-ray source can be turned off during
the gas exposure, which eliminates any artifacts due to the presence of
high-energy photons, and the resulting integrated XPS spectra are not affected
by shifts in the peak positions or shapes. By dosing continuously, a larger data
set can be obtained more easily, contamination by background gases is
reduced, and the exposure scale is more accurate since it is not the sum of
individual, sequential exposures. In practice, we obtained similar results using
either method.

Fluorine coverage is displayed as a function of F, exposure in fig. 1 for a
single substrate temperature of 120 K. The data shown are for two beam gas
mixtures of either 10%F, in Ar or 10%F, in He, and a nozzle temperature of
300 K, which correspond to average translational kinetic energies for the F,
molecules of 1.48 and 8.0 kcal mol ™', respectively [fluxes of 2.5 X 10'*(F, /Ar)
and 1.1 X 10™ (F,/He) molecules cm ™2 s ']. Both the coverage and exposure
are given in terms of monolayers (ML), where, for Si(100), 1 ML = 6.8 x 10'*
atoms cm 2, In order to compare these data to others given in terms of
langmuirs (L, 1 L = 107¢ Torr - s) for exposure units, 1 L of F, gas at 300 K is
equal to 0.97 ML of F atoms. The coverages are given in both the apparent
values, and the “corrected” values obtained by utilizing Agq, =8.6 A (ie.,
#, =53 ML). Above ~ 2 ML, these “corrected” values should be viewed as
very qualitative estimates {see section 2.3).

As may be seen in fig. 1, in both cases there is an initially rapid rate of
adsorption, which saturates near a coverage of 1.5 ML, followed by a much
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Fig. 1. The coverage—exposure relationship for the adsorption of F, on the clean $i(100) surface at
a substrate temperature of 120 K. The filled symbols represent data obtained with a beam gas
mixture of 10% F, in Ar (( E,,) =1.48 kcal mol~!), and the open symbols a mixture of 10% F, in
He ((E,) =80 kcal mol™!). The solid lines were drawn to aid the presentation. Both the
apparent coverages {circles) and the “corrected” coverages (squares), for which the latter accounts
for the attenuation of the F(1s) photoelectrons at high coverages (see text), are displayed. The

initial rapid phase of adsorption is displayed in the inset. On the $i(100) surface, 1 ML = 6.8 x 10'*

atoms cm ™2,

slower rate of adsorption that apparently has not saturated at an exposure of
300-600 ML. The low exposure region, corresponding to the “rapid” phase of
adsorption, has been replotted and is displayed in the insert in fig. 1. For the
two cases shown, the average beam energy seems to have a negligible effect on
either the initial probability or the coverage dependence for a surface tempera-
ture of 120 K. The break in the adsorption kinetics at a coverage near 1.5 ML
is much more evident in the data displayed in fig, 2, which are representative
of the low exposure regime, and correspond to four different substrate
temperatures. All of the data displayed in fig. 2 were obtained with a 10%F, in
Ar beam (flux of 4.5 X 10'? molecules cm ™2 s™1), At a substrate temperature
of 120 K, the probability of adsorption (i.e., d8 /de, where ¢ is the exposure) is
nearly independent of coverage up to ~1 ML. However, for substrate
temperatures of 300 K and above, the probability of adsorption decreases
rapidly with increasing coverage. Finally, although the four curves displayed in
fig. 2 certainly differ at a finite coverage, the initial probability of adsorption
on the clean Si(100) surface (S;r,) appears to be relatively insensitive to the
substrate temperature (see section 3.1.2 below). The insensitivity of Sy, to the
substrate temperature suggests that an intrinsic precursor [37,45] (ie., a
molecular adsorption state lying above an empty site) plays no role in
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Fig. 2. The coverage—exposure relationship for the low exposure regime for F, on the clean Si(100)

surface at four different substrate temperatures. In all cases, the beam gas mixture was 10% F, in

Ar ((E,) =1.48 kcal mol™1). The solid lines represent analytic fits of the adsorption kinetics to

either a second-order Langmuir model [eq. (1); T, = 300, 600 K)] or an extrinsic precursor model

[eq. (2); T; =120, 200 K]. The experimental uncertainties are indicated by the size of the plotted
symbols.

determining the adsorption kinetics. However, the weak dependence of the
adsorption probability on coverage at a surface temperature of 120K, and to a
certain extent at 200 K, suggests that an extrinsic precursor (i.e., a molecular
adsorption state lying above a filled site) is important at sufficiently low
temperatures.

The coverage versus exposure curves for the low exposure regime shown in
fig. 2 have been fit to a generalized form of Langmuirian kinetics given by

d8/de=S(8)=S,(1—6/6,)°, (1)

where S() is the probability of adsorption, 8, is the “saturation” coverage
and d is the “order”. In general, all three of these quantities are functions of
the substrate temperature. The order 4 was allowed to vary arbitrarily, and a
nonlinear least-squares routine was used to find the optimal parameters. The
data for substrate temperatures of 120 and 200 K are not fit well by this
expression. On the other hand, for temperatures between 300 and 700 K, the
data are described well by this model, with the optimal values for d = 2.0 + 0.3.
Re-fitting the data by fixing d = 2.0 resulted in equally good agreement, i.c.,
within experimental uncertainties. The resulting fits for d = 2.0 and substrate
temperatures of 300 and 600 K are shown in fig. 2. As may be seen, the
agreement between the data and second-order Langmuir kinetics is excellent.
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As pointed out above, the independence of the initial probability of
adsorption on the substrate temperature (see section 3.1.2 below also) suggests
that an intrinsic precursor is absent, whereas the weak dependence of the
probability of adsorption on coverage at low surface temperatures ( < 200 K)
indicates that an extrinsic precursor is present. Cassuto and King [45] have
derived an expression describing the probability of adsorption in cases for
which an intrinsic precursor does not exist. If the trapping probability into the
extrinsic precursor state (a’) and the initial probability of (dissociative)
adsorption into the chemisorbed state (S;) are identical, this expression
predicts that the adsorption probability will be independent of coverage at low
coverages, i.e., exactly what we have observed here at 7, =120 K. Conse-
quently, the coverage versus exposure curves for 7, < 300 K were fit to this
expression (where we assume S, = «”), which is given by

1-(1-6/8)°
K'+(1-6/8)"|

S(8)=5,(1-6/6,)°|1+

()

where K’ =kj/k,, is the ratio of the rate coefficient k} for desorption from
the extrinsic precursor and the rate coefficient k. for migration from the
extrinsic precursor to a vacant (nearest neighbor pair) adsite. Note that, based
on the results at 7, = 300 and 600 K, in the absence of the extrinsic precursor,
eq. (2) assumes second-order kinetics. For a “short-lived” extrinsic precursor,
K’ > 1, and eq. (2) gives (second-order) Langmuirian kinetics, i.e. eq. (1). For
a “long-lived” precursor, K’ < 1, and S(8) = constant = S,. The curves rep-
resenting the optimal fits, obtained by employing a nonlinear least-squares
procedure, are shown in fig. 2 for 7, =120 and 200 K, where the optimal
values were found to be X’ = 0.154 and 1.06 respectively. As may be seen, for
these two cases, the agreement between the model and the experimental data is
excellent. As expected intuitively, the parameter K’ was found to decrease
with temperature (i.e., obviously, the activation energy E; must be greater
than E_). The data for T,=300 K could also be fit by this model, with
comparable uncertainty to that obtained with eq. (1), where for two separate
experiments the mean optimal value was found to be 2.6. In practice, given
our experimental uncertainties, for values of K’ > 3, fits to egs. (1) and (2)
were found to be indistinguishable.

3.1.2. Initial probability of adsorption

The initial probability of adsorption S; was determined as a function of
substrate temperature by evaluating the initial slope of coverage versus ex-
posure curves, such as those displayed in fig. 2. These data are displayed in fig.
3. The independence of S, on the substrate temperature is readily apparent,
where the mean value for 7, =120-600 K was found to be 0.46 +0.02. As
discussed above, this behavior suggests strongly that trapping into a molecular
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Fig. 3. The initial (zero-coverage) probability of dissociative adsorption of F, on the Si(100)

surface as a function of substrate temperature. The solid circles were derived from the

coverage—exposure relationships as determined from XPS, such as those displayed in fig. 2. The

open circles were derived from the “beam reflectivity” method of King and Wells [46]. In all
cases, the beam gas mixture was 10% F, in Ar ({ E,.) =1.48 kcal mol ™).

precursor state lying above a vacant adsite is not a major pathway to
dissociative chemisorption.

As a consistency check, an alternate technique, involving the “beam reflec-
tivity” method proposed originally by King and Wells [46], was employed to
measure the initial probability of adsorption. In the ideal case, this method
permits a direct measurement of the probability of adsorption, independent of
knowledge of either the beam flux or the absolute coverage. Basically, the
method involves measurement of the decrease in the partial pressure of the
reactant gas in the (continuously pumped) main analysis chamber caused by
the “pumping” action of the crystal (i.e., that due to irreversible adsorption).
If the crystal is exposed to the reactant via a molecular beam, as is the case
here, the measurement is relatively straightforward [47]. However, the tech-
nique requires a stable pumping speed for the reactant gas. As discussed above
in section 2.2, due to wall reactions, the pumping speed for F, can very
significantly during the course of an experiment. Consequently, the mass
spectrometer was employed to measure the direct reflected flux of F, at a
single fixed angle with respect to the crystal. Although this minimizes effects
due to varying pumping speeds, an additional complication arises if the
angular distribution of the reflected flux is a function of the substrate
temperature and /or adsorbate coverage.

The initial probabilities of adsorption determined via the “beam reflectiv-
ity” method are displayed also in fig. 3 as a function of the substrate
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temperature. There is excellent agreement between these results and those
obtained via XPS for T,=120 K. However, the apparent probability of
adsorption determined by the “beam reflectivity” method clearly decreases
with increasing substrate temperature. We suspect that this is an experimental
artifact of the technique. In the particular, although the absolute accuracy of
the XPS results is probably no better than +20%, the internal run-to-run
consistency of the XPS results for different substrate temperatures is closer to
5%. Thus, the apparent decrease in S, with substrate temperature indicated by
the “beam reflectivity” results is most probably a manifestation of an angular
distribution of the reflected flux which is dependent upon the substrate
temperature and /or adsorbate coverage.

The effect of average translational kinetic energy of the F, molecules on the
initial probability of adsorption was investigated briefly. As displayed in the
inset in fig. 1, for average translational energies of 1.48 and 8.0 kcal mol ™!
and 7,=120 K, the initial probabilities of adsorption are identical within
experimental error. Essentially equivalent results were found for F, beams
corresponding to average translational energies of 3.5 and 18.7 kcal mol™'.
Since S, = 0.5, i.e,, it is relatively near unity, even at a beam of 1.48 kcal mol ™,
the absence of any substantial increase in S, as the beam energy is increased
to 19 kcal mol ! is hardly surprising,

3.1.3. Atomic fluorine

The qualitative aspects of the adsorption kinetics of atomic fluorine on the
Si(100) surface were investigated by thermally dissociating a fraction of the F,
molecules in the beam to F atoms by heating the nozzle assembly to 965 K.
This produces a beam in which 17% of F, molecules have been converted to F
atoms (calculated value based on the measured stagnation F, partial pressure
of 29 Torr). Due to the reactivity of fluorine and the thin-walled nature of our
nozzle orifice, higher temperatures could not be used without the rapid
degradation of the orifice [49].

Coverage versus exposure curves for two beams of differing average transla-
tional energies (4.8 and 26 kcal mol~! for F,, 2.4. and 13 kcal mol ™! for F)
composed of a mixture of atomic and molecular fluorine are shown in fig. 4.
Both the apparent coverages and “corrected” coverages, utilizing 6, = 5.3 ML,
are displayed. The apparent coverages corresponding to beams of entirely
molecular fluorine, given previously in fig. 1, are shown for comparison. Due
primarily to the relatively low conversion to F atoms, we were unable to
determine with high accuracy either the initial probability or the coverage
dependence of adsorption of atomic fluorine. Concerning the initial probabil-
ity of adsorption, an analysis gave a value of S, =0.5+0.3, i.e,, it is on the
same order as Syf,. On the other hand, above coverages of approximately 1.5
ML, there is a definite difference in the adsorption kinetics between the F /F,
and F, beams. In particular, on a partially fluorinated surface, the adsorption
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Fig. 4. The coverage—exposure relationships obtained for beams incident on a Si(100) surface that
were composed of a mixture of atomic and molecular fluorine seeded in either Ar or He. The
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attenuation of the F(1s) photoelectrons at high coverages (see text), are displayed. The apparent
coverages for beams composed of entirely molecular fluorine (triangles), which are given above in
fig. 1, are shown for comparison.

probability of F is much greater than that for F,. For example, employing the
corrected values for the coverages Sg, = 1.2 X 1072 for 6y = 3—-4 ML, whereas
the data shown in fig. 4 imply that Sy = 0.28 for the same coverage range. The
latter value was calculated based on the measured apparent probability of
adsorption for the 10%F,/He beam, S,,, = 0.048, and employing the expres-
sion, Sy, = xSg+(1—x)Sg, where x is the fraction of F, in the beam
converted to atoms. These observations, i.e., little difference between F, and F
adsorption kinetics on a clean Si surface, whereas a significant difference on a
partially fluorinated surface, are in agreement with those reported by Stine-
spring et al. [24].

Unlike the adsorption of molecular fluorine, the average translational
energy does appear to exert some influence on the adsorption kinetics of
atomic fluorine on a partially fluorinated surface. As may be seen in fig. 4, at a
similar exposure and above coverages of 3—-4 ML, the coverage obtained from
the higher energy beam is greater than that obtained from the lower energy
beam. This result implies that the adsorption of atomic fluorine on a partially
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fluorinated surface, which most probably involves penetration into the Si
lattice, is activated and can be overcome by translational energy.

3.1.4. Low-energy ion scattering measurements

Low-energy ion scattering spectroscopy (ISS) has been employed, in con-
junction with XPS, in order to evaluate the extent of penetration of adsorbed
fluorine atoms into the Si lattice and underlying sub-surface layers. For
example, theoretical ab initio calculations have suggested that an “interstitial”,
near-surface form of adsorbed fluorine atoms should be stable on a Si
substrate (“binding energy” of ~ 105 kcal mol™') [27]. ISS is extremely
surface sensitive — the resulting spectra, which can provide compositional
information, are representative of only the topmost layer [30]. XPS, on the
other hand, as discussed above in section 2.3, is sensitive to fluorine located in
6-7 of the topmost layers of the Si substrate. Consequently, comparison of
integrated XPS and ISS spectra as functions of either temperature or ad-
sorbate coverage should reflect any qualitative changes in the near-surface
distribution of fluorine adatoms.

The low-energy ion scattering spectra discussed here were obtained with
125 eV He" ions, this relatively low energy chosen in order to minimize
sputtering of the adlayer. This is especially important for the fluorine—silicon
system, since a number of investigators have shown that the presence of an ion
beam can enhance the etching reaction between fluorine and silicon (i.e., via
the so-called “chemical sputtering”) [4,6,8,13,16]. Nevertheless, despite these
precautions, sputtering was observed. In order to correct for this, three
consecutive spectra were obtained and the resulting integrated areas were
extrapolated to zero exposure of the ion beam. The IS spectra were obtained
by exposing the Si(100) surface at 120 K to a molecular beam of F, ({(E,,) = 1.5
kcal mol~'). These spectra were found to be characterized by a sharp feature
centered near 72 eV (FWHM = 7 eV), which was also present on the clean Si
surface, and a rather broad feature centered near 48 eV (FWHM =16 eV),
which was present only after exposure to fluorine. These peak positions for Si
and F are in good agreement with those predicted by the binary collision
model [30], i.e., 75 and 50 eV, respectively.

The integrated Si and F ISS intensities are displayed in Fig. 5 as a function
of the total fluorine adatom concentration as deduced by XPS. The substrate
temperature in all cases was 120 K. There is a linear increase in the F signal
and a concomitant decrease in the Si signal with increasing fluorine coverage.
These results suggest that for these adsorbate concentrations and a substrate
temperature of 120 K, the fluorine adatoms are confined to the topmost layer
of the Si surface. This, of course, is not surprising if the initial “fast”
adsorption phase of F, on Si(100) (i.e., up to ~1.5 ML) involves the
.attachment of fluorine adatoms to the Si dangling bonds present in the first
substrate layer.
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The effect of substrate temperature on the distribution of fluorine adatoms
has also been investigated. These experiments involved adsorbing ~ 0.6 ML of
fluorine on the Si(100) crystal at 120 K as described above, measuring the XP
and IS spectra, annealing the sample to a higher temperature for ~ 100 s, and
finally cooling to 120 K and measuring the XP and IS spectra again. In order
to minimize deleterious effects due to sputtering, the ion beam was moved to a
different location on the crystal before the second IS spectrum was taken.
Although these experiments will obviously shed no light on the equilibrium
distribution of fluorine adatoms, any irreversible penetration by fluorine
should be detectable. An appropriate parameter to assess the extent of
penetration is the ratio of the “after anneal” and “before anneal” values for
quantity ( I dE/[I; dE) /8y, where [I dE is the integrated intensity of an
ISS peak. This quantity should scale with the relative proportion of fluorine
adatoms that are adsorbed on the topmost layer of the substrate. If there is no
spatial redistribution of the fluorine adatoms as a consequence of the anneal-
ing procedure, the ratio of the “before” and “after” values will be unity. For
five different annealing temperatures between 300 and 700 K, annealing the
adlayer was found to have a negligible effect on the distribution of adsorbed
fluorine atoms. In particular, the ratio was found to be 0.98 + 0.11. This was
even the case after annealing to 700 K, a procedure which resulted in a partial
(~ 20%) decomposition of the adlayer (see section 3.2 below).
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3.2. Decomposition / desorption kinetics

3.2.1. Temperature programmed decomposition

The thermal decomposition of silicon-fluoride adlayers, produced by expos-
ing a clean Si(100) surface to a molecular beam of F,, or a mixture of F, and
F, have been investigated by employing both XPS and quadrupole mass
spectrometry. XPS has been utilized to monitor the depletion of the fluorine
adatom concentration as a function of time while the Si substrate is heated at
a constant rate. Mass spectrometry has been employed to monitor the rate of
desorption of the gas phase reaction products. Since a number of gas phase
reaction products can be expected as a consequence of the decomposition
reaction [14], by coupling mass spectrometric detection with XPS, we are
permitted an accurate determination of the product yields as a function of
adlayer composition.

The qualitative features of the thermal decomposition of silicon-fluoride
adlayers can be assessed by the data shown in fig. 6. These data were produced
by exposing a clean Si(100) surface at a temperature of 120 K to a molecular
beam of fluorine (either 10%F,/Ar or 10%F,/He) for a fixed time, and
subsequently heating the surface at a constant rate of 0.5 K s™!. Initial
fluorine coverages above ~ 2 ML were obtained by thermally dissociating a
fraction of the F, to F by heating the nozzle of the beam source as described
above in section 3.1.3. As may have been expected, for a given initial fluorine
adatom concentration, the kinetics of the thermal decomposition was found to
be independent of the nature of the incident reactant beam employed to dose
the surface (e.g., F,/He versus F,/Ar, F, versus F). The depletion of the
fluorine coverage with increasing temperature depicted in fig. 6 was de-
termined via XPS by monitoring the F(1s) peak at a single fixed energy, as
discussed above in section 2.3. Both the apparent and “corrected” coverages,
i.e., employing 8, = 5.3 ML, are displayed in fig. 6. Drift in the XPS signal
with either time or substrate temperature was assessed by monitoring simulta-
neously (i.e., by multiplexing the energy analyzer) both the Si(2p) peak and the
background level near the F(1s) peak. The measured drift was always less than
5% of the total signal.

Since the heating rates employed here were essentially linear, the abscissa is
representative also of time. In regions where there is primarily one gas phase
desorption product, differentiation of these curves will yield the rate of
desorption, i.e., 74, & —d8/d¢. Therefore, there should be a one-to-one corre-
spondence between the maxima of —dé/dr and the thermal desorption peaks
detected by mass spectrometry. As may be seen in fig. 6, there are 3—-4 such
maxima, i.e., inflection points. For initial coverages below one monolayer,
there is a single feature near 800 K, which is present also for all other initial
coverages. At an initial coverage of ~ 2 ML, a weak shoulder is apparent near
700 K. At 6-13 ML a sharp feature near 675 K is evident. Finally, for an
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Fig. 6. Temperature-programmed decomposition of silicon-fluoride adlayers produced by expos-

ing a clean Si(100) surface at 120 K to either a beam of F, or a mixture of F and F,. The coverage

was evaluated via XPS, and the initial (“corrected”) coverages are designated in each case. The

solid curves represent apparent coverages, whereas the dashed lines represent the “corrected”

coverages calculated by employing the procedure detailed in section 2.3. in all cases, the (constant)
heating rate was 0.5 K s 1.

initial coverage of 13 ML a feature near 450 K is present, in addition to a
measurable rate of decomposition below 200 K.

Thermal desorption spectra of the gas phase reaction products, SiF,(g)
(monitoring SiF;", m/e = 85) and SiF,(g) (monitoring SiF,", m/e = 66) de-
tected by the mass spectrometer (electron energy of 110 eV) are shown in fig.
7. Spot checks indicated that neither F, (m/e = 38) or higher molecular weight
products (e.g., Si, F;(g), monitoring Si,F;") were produced under the reaction
conditions considered here. The assignment of the mass spectra shown in fig.
7a and 7b to their corresponding neutral species (i.e., SiF, and SiF,) is based
on the following experimental observations. Mass spectra monitoring SiF*
(m/e = 47) were found to be essentially identical to those found for SiF,", the
two sets of spectra differing by a single constant of proportionality in all cases.
On the other hand, no such correlation was found between the SiF;" and SiF;"
spectra, suggesting strongly that these fragments were formed from different
parent neutral species. SiF," is known to be the dominant (~ 90%) cracking
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heated at the constant rate of 4 Ks™%.

fragment from SiF,(g) [8,50], whereas SiF," and SiF™* are formed in compara-
ble amounts from electron impact ionization of SiF,(g) [51]. In regards to the
latter, the intensity ratio Ige+/Igp; was found bere to be equal to 1.2, which,
after accounting for the sensitivity of our mass spectrometer, is in fair
agreement with the relative ionization cross-sections found for SiF,(g) [51].
Thus, under the reaction conditions considered here, the only gas phase
reaction products produced from the thermal decomposition of silicon-fluo-
ride adlayers were SiF,(g) and SiF,(g).

A cursory examination of the thermal desorption spectra given in fig. 7
reveals several features of the decomposition reaction. For both products,
there is good agreement between the observed desorption peaks and those
predicted by the time-resolved XPS results given in fig. 6. In particular, a
single, relatively sharp desorption peak is observed for SiF,, centered near 800
K. Above initial coverages of ~ 2 ML, a shoulder builds in on the low-temper-
ature side of this peak. For SiF, a small sharp peak is centered near 800 K,
whereas a broad, two-peaked (~ 550 K and ~ 700 K) feature is dominant for
initial coverages above ~ 3 ML. Since gas phase SiF, is known to produce
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SiF, as a result of reactions with stainless-steel chamber walls [8], we cannot
totally exclude the possibility that some fraction of the SiF, desorption peak
near 800 K is actually due to desorbing SiF,.

In regards to the relative product yields, the mass spectrometric intensities
are proportional to the rates of desorption and inversely proportional to the
effective pumping speed of the product detected [52]. Consequently, the
integrated areas of the peaks are proportional to the relative product yields.
Separate measurements indicate that the effective pumping speed for SiF,
exceeds that for SiF, in our experimental arrangement by approximately two
orders of magnitude. Thus, assuming comparable mass spectrometric sensitivi-
ties for SiF, and SiF,, we conclude that for initial coverages below ~ 2 ML,
SiF, is the major reaction product.

This conclusion is better quantified by the data shown in fig. 8, where we
have plotted the product yields, as deduced by integration of thermal desorp-
tion spectra, versus the initial fluorine adatom concentration. Note that the
product yields are given in terms of monolayers of the Si substrate. Since SiF,
is the major product below initial coverages of ~ 2 ML, determination of the
SiF, yields was straightforward. The SiF, desorption spectra were calibrated
by employing a mass balance on fluorine, considering only those cases where
the initial coverage was above ~ 3.5 ML. The data given in fig. 8 verify that
SiF, is the major reaction product below ~ 3 ML, i.e,, the functional depen-
dence of the product yields can only be explained if this is the case. In
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addition, it is evident that the absolute yield of SiF, remains constant above
initial coverages of 3 ML, whereas the yield of SiF, increases continuously
with increasing coverage beyond 3 ML. The data may be compared to a
theoretical prediction, given by the solid lines, and based on 100% conversion
to SiF, for initial coverages < 3.6 ML, and 100% conversion to SiF, for the
coverage in excess of 3.6 ML. We see there is fair agreement between this
prediction and the experimental data. The discrepancies between the model
and the data are no doubt due to both the need to correct the coverages as
deduced by XPS (at the high concentration), and the presence of a high
background intensity for SiF, (i.e., SiF;"), which made choice of a suitable
baseline for integration difficult. Concerning the former, better agreement
with the overall mass balance on fluorine could be obtained by employing a
value of 8, = 4.0 ML for the coverage correction [53].

Up to this point, we have considered primarily the qualitative aspects of the
thermal decomposition of silicon-fluoride adlayers — i.e., which gas phase
products are formed, the relative yields as a function of the initial coverage,
etc. As may be ascertained from an inspection of figs. 6 and 7, above initial
coverages of ~2 ML, the kinetics of the thermal decomposition is un-
doubtedly quite complex. For example, above 2 ML, the two gas phase
reaction products are formed simultaneously in certain ranges of temperature,
and the multiple peak structure apparent in fig. 7a suggests that there may be
several reaction channels leading to the formation of SiF,. However, below 2
ML, there is essentially only one gas phase reaction product, SiF,, the
formation of which, as implied by the sharp desorption peak centered near 800
K, is apparently a well defined process. Moreover, a crude deconvolution of
the SiF, desorption feature for coverages above 3 ML, i.e., into a sharp peak at
800 K and a broad peak near 700 K, indicates that the coverage corresponding
to the sharp peak is 2 ML, or one monolayer of the silicon substrate. Thus, we
may conclude that a more detailed examination of the desorption kinetics of
SiF, below coverages of 2 ML will lead to insights into the mechanism of the
reaction that is responsible for the gasification of a single monolayer of the
silicon substrate.

Closer inspection of the thermal desorption spectra of SiF, displayed in fig.
7b, especially those representative of initial coverages of fluorine <2 ML,
reveals considerable overlap of the low-temperature, leading edge of these
spectra, and the spectra are decidedly asymmetric. This behavior is character-
istic of zero-order desorption kinetics [52]. In order to better quantify the
kinetics of SiF,(g) formation, we carried out a series of experiments that
involved fixing the initial coverage, and varying the rate at which the surface
was heated. This method [54] permits an evaluation of the kinetic parameters
at a fixed coverage and, under the appropriate circumstances, a determination
of the “order” or molecularity of the surface reaction. In order to evaluate
whether the decomposition reaction is “history dependent”, the kinetics have
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Fig. 9. (a) Arrhenius plots of the rate of SiF, desorption versus the reciprocal temperature for five

different coverages of fluorine adatoms. (b) “Order plots” of the (In) rate of SiF, versus the (In)

coverage for four different temperatures. In all cases the initial coverage of fluorine adatoms was

fixed at 0.70 ML. Note that, in the absence of coverage-dependent kinetic parameters, the slope of
the curves in (b) corresponds to the “order” or molecularity of the desorption reaction.

been examined at three different initial coverages of fluorine adatoms, namely,
0.70, 1.26 and 2.89 ML. In particular, if a thermodynamic equilibrium is
maintained in the adlayer, then the kinetics of the decomposition reaction
should be independent of the initial composition and /or configuration of the
adlayer. Note that since the decomposition reaction involves removal of Si
substrate atoms, a thermodynamic equilibrium involves both the adlayer
(fluorine adatoms) and the substrate (Si surface atoms). A convenient refer-
ence for the three initial coverages considered is the apparent “saturation”
coverage at low exposures, i.e.,, =1.2-1.6 ML (cf. fig. 2). Thus the three initial
coverages investigated represent ~ 3, 1 and 2 times this “saturation” value.
Arrhenius plots of the rate of desorption versus the reciprocal temperature,
constructed from desorption spectra of SiF, similar to those shown in fig. 7b,
and produced by employing seven different heating rates varying between 0.5
and 10 K s, are shown in figs. 9a, 10a and 11a, which correspond to initial
coverages of fluorine of 0.70, 1.26 and 2.89 ML, respectively. Note that in the
latter case 2.08 ML of the adsorbed fluorine adatoms were converted to
SiF,(g). We see that in all cases the rates of desorption are described well by
an Arrhenius expression. “Order plots” of the (In) rate of desorption versus
the (In) fluorine coverage at a fixed temperature are shown in figs. 9b, 10b and
11b, these data derived from the identical spectra utilized in the Arrhenius
constructions. In the absence of coverage-dependent kinetic parameters (i.e.,
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was fixed at 1.26 ML.

the activation energy and the preexponential factor) the slope of these curves

will reflect directly the “order” of the reaction, i.e. 4 In 7,4./9 In 8 [55].
Examination of figs. 9b, 10b and 11b indicates that the “order” of the

decomposition reaction is dependent upon the initial coverage of fluorine
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coverage for four different temperatures. In all cases the initial coverage of fluorine adatoms was
fixed at 2.89 ML.
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adatoms. For example, for an initial coverage of 0.70 ML the reaction is
positive order for all coverages considered, with the apparent order decreasing
with increasing coverage. Since the kinetic parameters are dependent on
coverage in this range it is difficult to assign a specific value for the order of
reaction, although, in the limit of low coverages, it appears to be nearly
second-order. The situation is quite different for an initial coverage of 1.26
ML. Below ~ 0.3 ML the reaction is again positive order, however, zero-order
kinetics are indicated between coverages of ~ 0.4 and 1.0 ML. For an initial
coverage of 2.89 ML, the kinetics are even more complicated. In particular
three regimes are evident - positive order below ~ 0.6 ML, zero-order be-
tween 0.6 and 1.0 ML, and large positive order above 1.0 ML. These results
are somewhat surprising for a reaction as “simple” as thermal decomposition
of a silicon-fluoride adlayer, which produces essentially a single reaction
product, SiF,{g), at low coverages.

The Arrhenius constructions shown 1n figs. 9a, 10a and 11a can of course be
utilized to derive the kinetic parameters that describe the reaction leading to
the desorption of SiF,. Since zero-order kinetics has been implicated for a
wide range of coverages, especially for an initial coverage of 1.26 ML, for
convenience we shall assume that the rate of desorption is given by

Fdes = ké()%] exp( —Ed/kBT)s

where k§} is the (apparent) zero-order preexponential factor in ML s, and
E, is the activation energy. This assumption does not affect the evaluation of
the activation energy, whereas the apparent zero-order preexponential factor
can be related to a generalized nth order preexponential factor via k()=
67k, The values derived from the data are plotted in fig. 12 as a function of
fluorine adatom coverage. As may be seen, the kinetic parameters are nearly
independent of coverage (both “instantaneous” and initial) between ~ 0.4 and
1.0 ML, and the mean values for an initial coverage of 1.26 ML are given by
k3 =14x102%' ML s™' and E;= 86 + 2 kcal mol ™. For an initial cover-
age of 0.70 ML, however, the kinetic parameters display a definite dependence
on coverage, increasing significantly as the coverage decreases. The kinetic
parameters representative of an initial coverage of 2.89 ML also display a
dependence on coverage, increasing with increasing coverage above ~ 0.90
ML. In both cases where a dependence on coverage is evident, the kinetic
parameters compensate significantly for one another, i.e., the often observed,
but poorly understood “compensation effect”.

Since the formation of SiF,(g) is of considerable importance to the “low”
temperature (i.e., 300400 K) etching of silicon by fluorine molecules and /or
atoms [6,23,25] we have attempted a quantitative analysis of the SiF, thermal
desorption spectra. Unfortunately, our analysis was hampered by the low
pumping speed for SiF,(g) [i.e., compared to SiF,(g)], which precluded a
rigorous analysis [54} of the data such as those portrayed in figs. 9b, 10b and

1
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the rate of SiF, desorption as a function of fluorine adatom coverage for three different initial
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11b for SiF,(g). In particular, the low pumping speed for SiF,(g) limited the
range of useful heating rates, and was manifest also in a lower signal-to-noise
ratio due to a high background pressure of SiF,(g). Two approaches to a
quantitative analysis were attempted — the first involved fitting the entire
desorption peak to an analytical expression valid for either first- or second-
order kinetics, whereas the second involved an analysis of the variation in the
peak temperature with the linear heating rate [52]. Both analyses are rigorous
provided: (a) the kinetic parameters are independent of coverage; (b) a
constant order of reaction is observed; and (c¢) the desorption peak is repre-
sentative of a single reaction channel, i.e., it is not a superposition of several,
competing reaction channels. Since the desorption spectra for SiF; are
dominated by the two-peaked structure appearing between 400 and 800 K, this
feature was analyzed as arising from two parallel reaction channels. The
desorption peak appearing near 800 K was not analyzed since, as discussed
above, it may be associated with the desorption of SiF,(g).

The analysis based on fitting the entire desorption peak is dependent upon
assigning a particular order to the desorption reaction. Both the full-width at
half maximum (FWHM) of the desorption peak and the variation of the peak
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temperature with increasing coverage can be used to deduce the reaction
order. In particular, the FWHM’s of the two peaks considered here are ~ 100
K, which, for these peak temperatures, suggest second-order kinetics. In
addition, as the initial coverage increases from 3.3 to 5.9 ML, the peak
temperatures shift to lower values, i.e., from ~ 725 and 588 K to 703 and 553
K, which is also indicative of second-order kinetics. Consequently, in the
nonlinear least-squares fitting procedure, both reaction channels were assumed
to be second-order. From the analysis of three separate spectra, similar to
those given in fig. 7b and representative of an initial coverage of 3.3 ML, the
(mean) optimal parameters were found to be Ey =32+ 3 kcal mol™! and
k) =5x10%*" 5! for the desorption peak near 700 K, and E;=17 + 3
kcal mol ™! and k) =2 X 10°*' s7! for the peak near 550 K. An analysis of
spectra representative of initial coverages of 5.9 ML and above gave similar
(i.e., within experimental error) kinetic parameters. Note that, in these cases,
k§} is the equivalent first-order preexponmential factor, viz., &} =6,k,
where 6, is the initial coverage and k(3 is the second-order preexponential
factor. In practice, it was found that assuming the peak at 550 K exhibited
second-order kinetics, whereas the peak at 700 K was first-order gave an
equally good fit to the data. In these cases the optimal parameters were found
to be E;=2343 kcalmol™' and k) =7x10°*' 57!, and E;=18+3
kcal mol~ and k) =8Xx10°+1 s~! for the two desorption peaks respec-
tively.

The analysis examining the variation in the peak temperature with the
linear heating rate involves plotting the quantity In(8/7, pz) versus 1/T,, where
B is the linear heating rate and T}, is the peak temperature [52]. One obtains
the quantity — E;/ky from the slope and the quantity k§)} /( E;/kg) from the
intercept. An analysis of four separate spectra produced by heating rates of
4.0,2.8,1.5 and 0.8 K s™! and representing an initial coverage of 3.3 ML gave
kinetic parameters of Eg=45+9 kcal mol™' and k{) =6 X 10'2** s~! for
the desorption peak near 700 K, and E; =23 + 6 kcal mol ™! and k§} =4 X
107*23 571 for the peak near 550 K. These values are only in fair agreement
with those determined from fitting the entire desorption peak, although they
are within the experimental uncertainties, which are quite large in these cases.

3.2.2. Isothermal decomposition

As an independent check of the analysis described above in section 3.2.1
utilizing thermal desorption spectra of SiF,, we have investigated also the
isothermal decomposition of silicon-fluoride adlayers by employing XPS to
monitor the time-dependent fluorine adatom concentration. These experi-
ments involved exposing the clean Si(100) surface to a flux of fluorine at a
temperature well below 800 K, extinguishing the beam, and subsequently
heating the surface rapidly to the desired temperature, which was typically
near 750—800 K. The fluorine coverage was determined by monitoring the
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Fig. 13. Isothermal decomposition of a silicon-fluoride adlayer. The coverage of fluorine was
determined via XPS. In both cases, the surface held at a temperature near 600 K was exposed to
F, until a coverage of ~1 ML was obtained, the beam was extinguished, and the surface was
heated rapidly ( ~10 s) to the indicated temperature. Note the essentially linear decrease in the
coverage between 1.0 and 0.3 ML.

F(1s) peak via XPS. Two representative experiments are shown in fig. 13,
where the initial coverage was ~ 1 ML. First of all, an initial acceleratory
region is not observed for this initial coverage. Most importantly, it can be
seen clearly that between coverages of ~ 0.3 and 0.9 ML the decrease in the
coverage with time is essentially linear, ie., exactly what is expected from
zero-order kinetics. In addition, the decrease in the rate of decomposition for
coverages below 0.3 is consistent with a transition to positive -order kinetics in
the limit of low coverages, as observed above in fig. 10b.

The experimental data corresponding to the zero-order kinetics regime have
been fit by a least-squares routine in order to evaluate the zero-order rate
coefficient. An Arrhenius plot of the rate coefficients determined from four
separate experiments, including those depicted in fig. 13, was found to be very
linear (see fig. 26 below). The corresponding kinetic parameters determined
from this construction are given by k{} =1.4x10"7*' ML s™! and E, =68
+ 5 kecal mol ™. These values are only in fair agreement with those determined
from mass spectrometry, i.e. those given in fig. 12. However, the range of
surface temperatures examined by the two techniques differed — the thermal
desorption results were confined to approximately 7, = 780-835 K, whereas
the XPS results are representative of T, = 740-805 K. Moreover, in the range
of temperatures common to both analyses, the rate coefficients determined
from the two techniques were within a factor of 1.5 of each other. Possible
explanations for this apparent discrepancy between the two sets of kinetic
parameters measured here are discussed below (see section 4.2).
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3.2.3. Modulated F, beam experiments

Several experiments have been conducted employing a modulated flux of F,
incident on the Si(100) surface while monitoring simultaneously either the
fluorine adatom concentration via XPS, or the desorbing flux of the gas phase
reaction products via quadrupole mass spectrometry. In regards to the latter,
commonly referred to as modulated molecular beam reactive scatiering
(MMBRS), a Fourier analysis of the waveform(s) of the desorbing gas phase
product(s) flux detected by the mass spectrometer can yield kinetic informa-
tion (e.g., rate coefficients) directly [56, 31]. Unfortunately, such an analysis
encounters nontrivial difficulties in the examination of nonlinear reaction
kinetics [e.g., a second-order reaction, which is suggested here for SiF,(g)
formation at low coverages by the data shown in figs. 9-11 [57]. Nevertheless,
in certain “simple” nonlinear cases [58], by assuming a particular kinetic
model a Fourier analysis is capable of extracting reaction rate coefficients.

The formation and decomposition of silicon-fluoride adlayers, representa-
tive of the monolayer regime, have been examined by modulating the incident
F, beam flux and monitoring the fluorine coverage via XPS. Three representa-
tive experiments, distinguished by differing substrate temperatures and mod-
ulation periods, are displayed in fig. 14 where the fluorine coverage is plotted
as a function of dimensionless time, i.e., the time divided by the modulation
time period. The F, beam flux is the same in all cases, and each curve is the
summed average of four consecutive waveforms. For a temperature of 789 K,
there is rapid increase in the coverage following exposure to the beam followed
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Fig. 14. XPS waveforms for three different substrate temperatures produced by square-wave

modulating the incident F, flux and measuring simultaneously the fluorine adatom coverage by

monitoring the F(ls) peak. To facilitate the presentation, the abscissa represents the fractional

modulation time period, where the time period in each case was 134 s (789 K), 55 s (817 K) and
39 5 (838 K).
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by a gradual approach to the “steady-state” coverage, and finally a relative
slower decay in the coverage subsequent to the extinguishing of the beam.
Consistent with the data given in fig. 13 above, there is a linear decrease in the
coverage after the beam is turned off, the linear portion extending between
~ 1.0 and 0.3 ML. An analysis of these data in the zero-order regime gives
rate coefficients that are in excellent agreement with those determined above
from isothermal decomposition (see section 3.2.2). It is also apparent that the
“steady-state” coverage reached in each case decreases with increasing sub-
strate temperature. This observation is explained readily by solving the surface
mass balance for the coverage of fluorine adatoms. If we assume that the rate
of adsorption is given by that found at a substrate temperature of 600 K, i.e.,
Fads = So Fg,(1 — 0r /8 .,)?, and the rate of desorption of SiF, is given by that
found for the zero-order regime (valid for @ > 0.3 ML and initial coverages of
=1 ML), i€, Fg=kao(T)=k§} exp(— Ey/kyT), the steady-state coverage
Ok is given by

Or,s = OF sat [1 - (kd,O/SOFFz)l/ZJ :

Thus, since the rate coefficient k, increases with increasing temperature, at a
constant flux the steady-state coverage will decrease with increasing tempera-
ture. Employing the zero-order rate coefficients determined in section 3.2.2, we
find that the variation of the steady-state coverages with temperature observed
in fig. 14 is in good agreement with this expression.

The kinetics of the formation of SiF, is the limit of very low coverages, i.e.,
below ~ 0.01 ML, has been examined via MMBRS. As stated above, this
technique is quite useful in the examination of linear surface reaction kinetics.
Moreover, provided the nature of the nonlinearity is relatively simple and can
be deduced a priori, analysis of nonlinear systems via MMBRS can also be
employed successfully. Since we shall examine here only the limit of very low
coverages, the coverage-dependence of both the adsorption kinetics (i.e.,
Tads = So Fg, for 8/6,,, < 1) and the kinetic parameters can be safely neglected.
If this were not the case, the resulting complexity of the nonlinearities would
undoubtedly rule out any quantitative analysis via MMBRS. Thus, the only
expected nonlinearity is that due to the surface reaction leading to the
desorption of SiF,, which, as suggested by the thermal decomposition results
[cf. fig. 10b], is probably second-order.

Three waveforms of the desorbing SiF, flux, detected by the mass spec-
trometer and representative of different substrate temperatures, are shown in
fig. 15. The F, beam flux was the same in all cases and each curve is the
summed average of waveforms acquired over a 1000 s time period. If we
assume both the angular and velocity distributions of the desorbing flux are
only weak functions of the substrate temperature (i.e., for this temperature
range), these mass spectrometric intensities acquired at a fixed angle are
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Fig. 15. QMS waveforms for three different substrate temperatures produced by square-wave

modulating the incident F, flux and measuring simultaneously the desorbing SiF, flux. The

estimated mean coverage of fluorine adatoms under these conditions was much less than 0.01 ML,

The solid curves represent least-squares fits to the integrated form of the surface mass balance

equation [see text and eq. (3)], where the assumption of second-order kinetics provided a superior
fit to the data. The experimental uncertainties are indicated by the size of the plotted symbols.

simply proportional to the rate of desorption. The effect of substrate tempera-
ture on the surface reaction is clearly evident, e.g., for the lower substrate
temperatures the waveforms are increasingly damped or “demodulated”, con-
sistent with a rate of reaction increases with increasing temperature. On the
other hand, the steady-state reaction probability, which is simply proportional
to the peak-to-peak amplitude at sufficiently low frequencies, is very nearly
the same in all three cases. We have chosen to analyze these waveforms in two
different fashions - the first method involves fitting these curves to the
appropriate integrated forms of the surface mass balance on fluorine, whereas
the second involves a Fourier analysis.

The waveforms displayed in fig. 15, in addition to others not presented
here, have been fit to an integrated form of the mass balance on adsorbed
fluorine atoms given by

dfe/de= SOFFZ(t) - kd,ngF(I)n’ (3)

where kg, is the nth-order desorption rate coefficient, and n=1 or 2. We
shall assume that the incident flux waveform F(¢) is given by a square wave,
ie, F()=F, for 0<t<T/2, and F(t)=0 for T/2<t< T, where T is the
modulation time period. The legitimacy of this assumption, e.g., the possible
effects of the “chopper gating function”, is considered below. The predicted
waveforms, which the data were fit to, were obtained by integrating eq. (3)
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successively, beginning with the initial condition 8y |,_, = 0, until satisfactory
convergence was achieved, ie., such that 8g|,_(=8g|,.7 In all cases a
superior fit to the data was provided by assuming that the surface reaction is
second-order in @, ie., n=2. The results of these fits, produced by a
nonlinear least-squares procedure, are displayed in fig. 15, where the quantity
plotted is proportional to the desorbing product flux, ie., k4 ,0:(7)". We see
that the agreement between this model and the experimental data is excellent.

The validity of this fitting procedure can be checked by comparing the
Fourier coefficients of the predicted and measured waveforms. For example,
one might intuitively expect that the least-squares fitting procedure employed
above is weighted towards the “low” frequency components of the waveforms
displayed in fig. 15. In particular, it can be shown that the high frequency
components are most sensitive to those portions of the waveform where the
rate of reaction is changing rapidly. Thus, a more complete examination of the
waveforms in the frequency domain would provide a more rigorous test of the
proposed model. The amplitude and phase of the first 16 coefficients of the
predicted and measured waveforms are displayed in fig. 16 as a function of the
radial frequency. The most obvious feature to note from this figure is the
relative magnitude of the even order coefficients. In particular, since a square
wave does not contain even order components, the appearance of even order
components in the product waveform (which are obviously well above the
noise level) verifies the presence of nonlinear surface reaction kinetics. In
regards to the particular nonlinearity assumed here, ie., a second-order
reaction, the agreement between the predicted and measured coefficients is
excellent up to approximately the tenth harmonic. The deviation between the
model and the data beyond there is probably primarily due to the effect of the
chopper gating function. This is reasonable since we estimate the width of the
gating function to be <2 ms, i.e. <7T/10.

The data given in fig. 16 may also be used to evaluate the kinetic
parameters. Since the reaction kinetics is nonlinear, the values obtained from a
Fourier analysis will represent apparent kinetic parameters. However, pro-
vided certain conditions are met, these values can be utilized to obtain the true
values. To proceed with a Fourier analysis one employs eq. (3) and assumes
that

Fe (1) =31FR(1+& e + & e+ - )
and
O =3y + &, exp' + 9, exp>* + -,

where for square-wave modulation £, =2/n7. From the zero-order equation
(i.e.,, @ =0) one finds that the mean coverage is given by 9, = (S, F,/2k$)*/>.
Similarly, from the first-order equation one finds that the rate of desorption at
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Fig. 16. Bode plot of the first 16 Fourier coefficient of the QMS waveform obtained at a substrate

temperature of 1003 K and displayed above in fig. 15. The filled circles represent the Fourier

coefficients derived from the experimental data, whereas the open circles represent those obtained

from the analytic fit displayed in fig. 15. Note that for pure square-wave modulation and linear

surface reaction kinetics, the even order coefficients will identically be equal to zero (practically,

equivalent to the noise level). Thus, significant amplitudes for even order coefficients signal a
nonlinear reaction mechanism.

the fundamental frequency is given by

& (SoFo/2)

2
kd,zeF(‘*’) =kd,2(2'90‘91) = 1 +i(w/k

(4)

app) ’

where the apparent tate coefficient k,,, =2k,,¥,. Note that the apparent
rate coefficient is a function of both the reaction probability S, and the
incident flux F,. Consequently, one cannot speak of a “system transfer
function” that will relate the incident and product waveforms in all cases,
independent of S;F;. One can continue in this manner and conceivably
calculate all of the coefficients §,, however, there is little point in doing so
since the apparent rate coefficient may be found from an analysis of solely the
response at the fundamental frequency [i.e., eq. (4)] [59]. In particular, the
phase is given by ¢(w) = —tan™'(w/k,pp)-
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Fig. 17. Arrhenius plots of the apparent reaction rate coefficients derived from the analytic fits

displayed in fig. 15 (filled circles), and from an analysis employing only the first Fourier

coefficient [open circles, see text and egs. (4) and (5)]. For second-order kinetics the slope of these
curves is equal to — Ey /2kp.

As stated above, the apparent rate coefficient is a function of Sy F,. An
examination of the waveforms displayed in fig. 15 suggests that this quantity is
nearly constant for these experiments. This is supported by the fitting proce-
dure employed above — specifically, S,F), which was a fitting parameter, was
found to vary by less than 10%. Consequently, an Arrhenius plot of the
apparent rate coefficients versus reciprocal temperature, at a fixed flux and a
constant reaction probability, will yield kinetic information, viz.

app = (2kd ZSOFb)l/z (2S0E)k(0) ) exp( _Ed/ZkBT)’ (5)

where k) is the second-order preexponential factor and E, is the activation
energy. Thus, the activation energy can be evaluated directly and, provided
either S, F, or the mean coverage ¥, is known, the preexponential factor may
be evaluated also. Apparent rate coefficients obtained via both the nonlinear
fitting procedure and the Fourier analysis are displayed in fig. 17. The linear
Arrhenius behavior is evident. In addition, the agreement between the values
obtained for the apparent rate coefficients via the two methods is excellent.
From the data of fig. 17 we obtain an activation energy of 59 + 5 kcal mol ™.

Estimating our incident flux for these experiments as 0.5 ML s™!, an ap-
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proximation good to a factor of three, and employing S, = 0.46 (see section
3.1.2) we obtain a preexponential factor of 1.2 X 10'®* ML ™! s™!, or employing
a density of n,= 6.8 X 10" adatoms cm™2 ML"!, 1.7 X 10* cm? s~ 1.

3.2.4. Spatial extent of thermal decomposition

We have attempted a qualitative examination of the spatial extent of the
thermal decomposition of silicon-fluoride adlayers representative of the mono-
layer regime. Such an examination is especially important with respect to the
observation here of zero-order kinetics, which were found to span a large
coverage range, i.e., between ~ 1.0 and 0.3 ML for initial coverage of =1-1.3
ML.. For example, previous work, which examined the desorption of Xe from a
W(110) surface {60], has suggested that the observation of zero-order kinetics
in the monolayer regime could be explained by the presence of two-dimen-
sional adatom “islands”. Several models involving adatom islands that could
result in zero-order kinetics were postulated. Since island formation is inher-
ently inhomogeneous, an investigation of the spatial extent (i.e., homogeneous
versus inhomogeneous) of the thermal decomposition is most desirable in
order to obtain a better understanding of the decomposition reaction.

Fortunately, in the absence here of a direct structural probe, the configura-
tion of the adlayer may be assessed qualitatively by examining the adsorption
kinetics of F, on a partially decomposed adlayer. This is possible since the
kinetics of F, adsorption on the clean Si(100) surface have been found here to
be described by a second-order Langmuir model for substrate temperatures of
300 K and above (see section 3.1.1). Thus, the probability of dissociative
adsorption is controlled by the availability of two nearest-neighbor (nn) vacant
adsites. The relative population of nn vacant adsites will differ for the limiting
cases of a homogeneous, uniformly, randomly distributed adlayer, and an
inhomogeneously adlayer composed of separate domains where the /local
coverage of fluorine is either zero or near saturation. In particular, for a
coverage of 0g/0g,, =1—f, where f is the fraction of all vacant sites, the
probability of adsorption in the homogeneous case will be proportional to f2,
whereas in the inhomogeneous case it will be proportional to f.

The coverage of fluorine, evaluated by XPS, is displayed as a function of
exposure in fig, 18a for F, adsorbed on a partially decomposed silicon-fluoride
adlayer. This surface was produced by adsorbing ~ 1.3 ML of fluorine on a
clean Si(100) surface at 300 K, heating to a temperature near 800 K for ~ 20
s, and cooling rapidly to 300 K prior to additional exposure. Essentially
identical results were obtained for a surface held at 600 K for both exposures.
This experiment presupposes that upon cooling the surface to 300 K (or 600
K), the adlayer configuration present at the higher temperature is “locked in”,
a supposition that is reasonable provided the rate diffusion of fluorine is
negligible during the cooling of the substrate to 300 K. The two curves
represent theoretical predictions based on utilizing parameters representative
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solid lines represent theoretical predictions based on the kinetic parameters found for the clean

surface and employing two different models for the adlayer configuration following partial

decomposition (see text). The experimental uncertainties are indicated by the size of the plotted
symbols.

of the clean surface and assuming that the decomposition proceeds (a)
homogeneously, and (b) inhomogeneously, Clearly, the data are represented
best by the latter model, suggesting strongly that the thermal decomposition of
a silicon-fluoride adlayer proceeds inhomogeneously, leaving separate domains
of clean surface and a (locally) saturated adlayer.

It is of interest to determine the nature of the driving force for this
apparent domain formation. For example, is domain formation an intrinsic
manifestation of the decomposition reaction itself, or is it merely a conse-
quence of a thermodynamically favored adlayer configuration? If the latter
explanation is important, then simply annealing an adlayer representative of
the submonolayer regime to a temperature near the onset of decomposition
might lead to domain formation. A representative experiment is shown in fig.
18b, where ~ 0.7 ML of fluorine was adsorbed at a substrate temperature of
300 K, the surface was heated to ~ 700 K, cooled rapidly to 300 X, and
exposed subsequently to a constant flux of F,. The theoretical predictions
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based on the two models for the adlayer configuration are shown also in fig.
18b. In this case, the data are described better by the homogeneous model.
Thus, these data suggest that the driving force for domain formation is not
thermodynamic, rather, it is an intrinsic manifestation of the decomposition
reaction itself.

3.2.5. Steady-state thermal decomposition

The steady-state reaction between gas phase F, and the Si(100) surface,
which leads to the gasification of the Si substrate, i.e., etching, has been
examined as a function of substrate temperature. The relative rates of produc-
tion of the gas phase species have been monitored via mass spectrometry, and
the corresponding steady-state coverage of fluorine adatoms has been moni-
tored via XPS. Simultaneous knowledge of the fluorine coverage and the rate
of desorption of the products will be decisive in verifying that the F, molecules
must adsorb dissociatively in order for the etching reaction to occur. That is,
these measurements should be able to discount any major rate of reaction
occurring via an Eley-Rideal mechanism, i.e., a “direct” reaction between gas
phase F, and the Si(100) surface. For example, for a Langmuir-Hinshelwood
mechanism involving reactions of adsorbed fluorine adatoms, the rates of
dissociative adsorption of F, and desorption of the gas phase products must
be equal at steady-state. Since we can predict the rate of dissociative adsorp-
tion as functions of both coverage and substrate temperature (see section
3.1.1), the predicted equality of rates can be explicitly verified.

The steady-state values of both the rate of desorption of SiF, and the
coverage of fluorine adatoms are shown in fig. 19 as functions of the substrate
temperature. Under these reaction conditions, the only gas phase reaction
products detected were SiF, and SiF,, with SiF, being the dominant gas phase
reaction product. Based on a correction of the absolute mass spectrometric
intensities for the relative pumping speeds (see section 3.2.1), we were able to
conclude that the rate of SiF, production exceeded that for SiF, by at least a
factor of 200 for all reaction conditions shown in fig. 19. The close connection
between the steady-state coverage and the rate of desorption is clearly ap-
parent. In particular, below ~ 800 K, the coverage is near saturation (~ 1.6
ML) and the rate of SiF, desorption is nearly zero. As the substrate tempera-
ture is increased slightly above 800 K there is a precipitous drop in the
fluorine coverage and, concomitantly, a rapid increase in the rate of reaction.
Above a temperature of 900 K the coverage remains nearly zero, whereas the
rate of reaction decreases somewhat. As referred to above, the measured rate
of reaction can be compared qualitatively to the predicted value by utilizing
the measured coverages of fluorine and employing the rate expressions de-
duced above that describe the adsorption kinetics of F, [e.g., eq. (1), where
d=2]. In particular, the predicted value is given by S;Fg, (1 —05/0...)°,
where we set S, Fy, equal to the (maximum) SiF, intensity observed here at
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Fig. 19. Steady-state reaction of F, with the Si(100) surface as a function of the substrate

temperature. The filled circles are proportional to the steady state rate of SiF, desorption, the

major gas phase reaction product under these conditions. The open circles represent the steady-state

coverage of fluorine adatoms as determined via XPS. The solid line represents the theoretical

prediction of the SiF, desorption rate based on the equality to the rate of dissociative adsorption

of F, at steady-state, the measured adsorption kinetics [fig. 2 and eq. (1)] and the measured
steady-state coverages.

900-950 K. The predicted values are represented by the solid curve displayed
in fig. 19. The agreement between the predicted and measured values is
excellent. Thus, under the reaction conditions considered here, the dominant
reaction pathway leading to the production of SiF,(g) involves a reaction
between adsorbed fluorine adatoms and the Si surface atoms.

3.2.6. Ion-enhancement of F, / Si(100) reaction

The effects of a high-energy ion beam on the reaction of F, with the Si(100)
surfaces has been investigated by exposing the Si(100) surface to both a
modulated molecular beam of F, and a coincident (constant flux) beam of 1.5
keV Ar* ions, while monitoring simultaneously the fluorine coverage via XPS.
Due to geometrical constraints associated with the relative positions of the
quadrupole, the ion gun, and the Si sample, we were unable to detect gas
phase reaction products while the ion beam was incident on the sample.
Consequently, a certain amount of ambiguity will be associated with any
results obtained from these experiments. In particular, we report here mea-
surements of the accumulation and depletion of the coverage of fluorine with
time. Obviously, in the presence of the ion beam, fluorine adatoms can be
removed by “physical” sputtering. These sputtered adatoms may or may not
leave the surface bonded to a Si substrate atom. Thus, we must be cautious in
correlating removal of fluorine adatoms with removal (i.e., etching) of Si
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Fig. 20. (a) XPS waveforms produced by square-wave modulating the incident F, flux and
monitoring simultaneously the fluorine coverage via XPS both in the absence of the ion beam and
in the presence of a coincident Ar™ ion beam (1.5 keV, approximately 8 pA cm™2). Note that the
presence of the ion beam leads to both a smaller steady-state coverage and a more rapid rate of
depletion of the coverage of fluorine in the F, beam off region. (b) Isothermal decomposition of
the silicon-fluoride adlayer at three different substrate temperatures and in the presence of the
coincident Ar* ion beam. These curves were derived from waveforms such as that shown in (a).
The solid curves represent analytic fits to second-order decomposition kinetics. The experimental
uncertainties are indicated by the size of the plotted symbols.

substrate atoms. Since “physical sputtering” is expected to depend weakly on
the substrate temperature, whereas the so-called “chemical sputtering” [6] may
exhibit a temperature dependence, the effect of varying the surface tempera-
ture should be decisive in assessing the relative importance of purely “physical
sputtering” in these experiments.

A representative set of experiments, where the ion beam was either off or
on, is depicted in fig. 20a where the fluorine coverage is plotted versus time.
The square-wave modulated F, flux was the same in both cases, the “on” flux
estimated to be ~2-3 ML s~ 1. The Ar* ion current collected by the sample
was kept constant at 4 pA, which for our beam spot size of ~0.5 cm?
corresponds to a flux of 5 X 10'* ions cm ™2 s™! (or 0.074 ML s™'). As may be
seen in fig. 20a, the presence of the ion beam produces two effects: the
apparent steady-state coverage is reduced (i.e., 65, =09 ML for Ar™ beam
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Fig. 21. (a) Steady-state fluorine coverage both in the presence and absence of the 1.5 keV Ar*

ion beam as a function of the substrate temperature. (b) The calculated ion-enhancement factor,

E,.,, as a function of the substrate temperature, derived from the measured steady-state coverages

given in (a). E,,, represents a maximum enhancement factor for acceleration of the substrate
removal reaction due to the ion beam (see text).

off, =0.3 ML for Ar* beam on); and the relative “response rate” appears to
be greater with the ion beam on. Both of these observations suggest that the
rate of removal of the fluorine adatoms is accelerated by the ion beam. We
shall consider these two effects separately.

The variation of the steady-state fluorine coverage with both the substrate
temperature and the presence of the ion beam is shown in fig. 21a. In all cases,
a lower coverage is observed with the ion beam on, which implies that the rate
of removal of fluorine adatoms is increased by the ion beam. That is, if the
probability of adsorption of F, is unaffected by the presence of the ion beam,
then for equal fluxes of F, a lower steady-state coverage results in a higher
rate of adsorption, and thus a higher rate of desorption and/or decomposi-
tion. It is also important to note that, in both cases, i.e., ion beam either on or
off, the steady-state coverage decreases with increasing substrate temperature.
As discussed above in section 3.2.3, this implies that the rate of reaction
and/or process leading to the removal of fluorine adatoms increases with
temperature. Since this occurs in the presence of the ion beam, these data
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suggest that the kinetics describing the F, /Si(100) interaction in the presence
of the ion beam are temperature dependent. Note, however, that the relative
difference between the steady-state coverages in each case decreases with
increasing surface temperature.

The apparent ion-enhancement of the F, /Si(100) reaction can be quantified
if we assume that the initial probability of adsorption is unaffected by the ion
beam, and employ eq. (1) to account for the coverage dependence of the
adsorption Kinetics, Viz. rye, = ryg, = So Fg,(1 — 0:/6.,)%. In particular, we de-
fine an ion-enhancement factor, E, ,, given by E, =1 —0z/0,,)5n/(1 =
0r/8,)5rr- Since we cannot exclude “physical sputtering” of the fluorine
adatoms, this value represents a maximum for ion-enhancement of the Si
substrate removal reaction. The values calculated for the apparent ion-en-
hancement factor, E,,,, are displayed in fig. 21b as a function of the substrate
temperature. Due to the sensitivity of E;,, to the value assigned for the
saturation coverage (we employed 6,,, = 1.2 ML, which was found for 7, = 600
K), especially at the lower temperatures (i.e., large E,,), the quantitative
significance of these values should be viewed with caution. We see that the
apparent enhancement factor is quite large at the lower temperatures, i.e.,
~ 20-30, but decreases to nearly unity at 840 K.

The kinetics of the reaction leading to the removal of fluorine adatoms
from the Si surface in the presence of the ion beam was evaluated by analyzing
coverage versus time curves, such as those shown in fig. 20a, considering only
the depletion (i.e., F, beam off) regime. These data are displayed in fig. 20b.
The decomposition kinetics were assumed to take the form —dé/dr =k, 0",
and only coverages < 0.3 ML were considered in the nonlinear least-squares
fits. This latter procedure was adopted primarily due to the observation here
of zero-order kinetics for the thermal reaction for 8z > 0.3 ML (see sections
3.2.1-3.2.3). As may be secen in fig. 20b, the data were best described by
assuming that the kinetics were second-order, i.e., n = 2. Second-order kinetics
is consistent with that derived in section 3.2.3 for the low coverage regime in
the absence of the ion beam. It is important to note that, for the submonolayer
regime, the reaction order for a “physical sputtering” mechanism is expected
to be first-order in the coverage of fluorine [61]. Therefore, the observation of
second-order kinetics seems to suggest that the ion-enhanced “reaction” does
not simply involve the sputtering of fluorine adatoms and/or SiF, species,
rather, it may hold more similarities to the thermal reaction examined here.
The relative importance of physical sputtering may be discounted also based
on the implied sputter yields. We estimate that the maximum rate of removal
of fluorine adatoms in the presence of the ion beam was approximately 1
ML s~ !, which implies a sputter yield as great as 14 F atoms/Ar™ ion. This
value ‘appears to be too large to be solely accounted for by physical sputtering
alone [61].

A Kkinetic analysis suggests also the importance of a reaction mechanism
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Fig. 22. Arrhenius plot of the second-order reaction rate coefficient derived from the analytic fits
displayed in fig. 20b for the data obtained in the presence of the coincident Ar* ion beam.

that is not based on physical sputtering. The values of the second-order rate
coefficient, kg, derived from the fits displayed in fig. 20b, are displayed as a
function of the reciprocal temperature in fig. 22. In order to avoid a superposi-
tion of effects due to the purely thermal reaction and those due to the
ion-enhanced reaction, we consider only those data for which the apparent
ion-enhancement is quite large, i.e., E;, =10 or T, < 812 K. As may be seen,
the fit to an Arrhenius expression is reasonable. From these data, we derive an
activation energy equal to 70 + 10 kcal mol™!, and a second-order preex-
ponential factor equal to 3.8 X 10*3 ML~!s™! or 5.6 x10**3 cm? s,
Note the similarity between these values and those derived above in section
3.2.3 for the thermal reaction, where the activation energy was equal to 59 + 5
kcal mol 1, and the second-order preexponential factor was given by 1.7 x 10°
cm? s~

As a final consistency check, the data obtained for the Ar* beam off cases
were analyzed also. It was found that for 7, > 817 K and 6 < 0.3 ML, the
depletion regimes were described best by second-order kinetics. Moreover, a
comparison of the second-order rate coefficients derived for the Ar* beam off
cases to those found for the Ar* beam on cases for which the steady-state
coverage was nearly the same [e.g., beam on (7,=787 K) and beam off
(T, = 817 K), cf. fig. 21b] found agreement within a factor of 2. Thus, the
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agreement between both the steady-state coverages and the rate coefficients
suggests that the ion beam does not directly affect the kinetics of adsorption of
Fz-

4. Discussion
4.1. Adsorption kinetics

Considerable recent experimental work has focused on employing molecu-
lar beam techniques to investigate the mechanisms involved in the dissociative
adsorption of diatomic molecules (homo- and heteronuclear) on a variety of
solid surfaces. In general, the dominant mechanisms have been found to
involve either a “direct” reaction of the molecule with the surface, for which
the translation energy of the incident gas phase molecule plays a key role, or
dissociative adsorption via a (molecular) precursor state, for which the sub-
strate temperature is most important. In the former cases, by increasing the
incident translation energy of gas phase molecules, a dramatic increase in the
probability of adsorption has often been observed. On the other hand, in the
latter case, the initial probability of adsorption is most often sensitive to the
substrate temperature. In addition, trapping into molecular adsorption sites
lying above filled (dissociative) adsorption sites can lead to an adsorption
probability which is only weakly dependent on coverage. Finally, depending
on the experimental conditions chosen, in certain cases both mechanisms have
been found to play significant roles concerning the adsorption kinetics of a
single adsorbate/ substrate system [48].

A discussion of our results concerning the adsorption of F, on the Si(100)
surface will be aided by the one-dimensional potential energy diagram dis-
played in fig. 23. Here we designate the gas phase molecule F,(g), the
dissociative state F(a) representing fluorine adatoms, and the two possible
precursors ~ the intrinsic state F,*(a) lying over an empty adsorption site or
sites, and the extrinsic state F,(a) lying over a filled adsorption site or sites.
Since we consider here the dissociative adsorption of F,, these precursor states
can be expected to be represented by molecularly adsorbed F,. Due to the
complexity of the F,/Si(100) adsorption system at high coverages, e.g., lattice
penetration by fluorine, multiple binding states, etc., this diagram can only be
meaningfully applied to coverages of ~1 ML and below. Note that, to
facilitate the presentation, the binding energies of the precursor states implied
by fig. 23 have been greatly exaggerated.

Based on the results given in section 3.1.2, the dissociative adsorption of F,
on the clean Si(100) surface is a relatively facile reaction. In particular, we
found that the initial probability of adsorption was equal to 0.46 + 0.02,
independent of both substrate temperatures between 120 and 600 K, and
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Fig. 23. One-dimensional potential energy diagram representing the F, /Si(100) system. F,(a) is
the extrinsic precursor lying over a filled adsorption site or sites, and F;*(a) is the intrinsic
precursor, lying over an empty site. The implied binding energies of the precursor states relative to
the dissociative state F(a) have been greatly exaggerated to facilitate the presentation.

incident translational energies of the F, molecules between 1.5 and 19
kcal mol ™', We shall assume for the moment that an intrinsic precursor state
exists. Making this assumption, two possibilities exist that would be consistent
with the experimental observations: (i) trapping into the intrinsic precursor
state is inefficient under the experimental conditions considered here; and (ii)
trapping is efficient, with the rate of (dissociative) chemisorption relative to
desorption from the precursor state being essentially independent of substrate
temperature between 120 and 600 K. Concerning the first possibility, in the
absence of efficient trapping into the intrinsic precursor state, the adsorption
reaction would be expected to exhibit the characteristics of a “direct” surface
reaction, i.e., display little or no dependence on the substrate temperature.
Provided adsorption is also unactivated, this explanation would be consistent
with the observed lack of dependence on the incident translational energy.
Concerning the second possibility, a weak dependence on substrate tempera-
ture implies one of the following situations: (a) the activation energies E}* and
Ef are approximately equal; or (b) the activation energy associated with
conversion from the intrinsic precursor state to the dissociative state (E}*) is
much less than the activation energy of desorption from the intrinsic precursor
state (EJ). In case (a), ie.,, EF =EJ, the probability of adsorption will
essentially be independent of temperature at high temperatures, with a temper-
ature dependence only becoming apparent at very low temperatures such that
T <|Ef—EX|/kg [62]. In case (b), i.e., E} < Ef, the probability of
adsorption will be independent of temperature at low temperatures, and only
when T, Ef/ky will the adsorption probability begin to decrease with



480 J.R. Engstrom et al. / Adsorption and reaction of flucrine on Si(100)

increasing temperature. Depending upon the absolute values for the trapping
probability into the intrinsic precursor state, and the preexponential factors
associated with chemisorption (k*©®) and desorption (k@) from the pre-
cursor state, either case (a) or (b) would be consistent with the absolute value
for the initial probability of adsorption measured here, i.e., 0.46.

Clues as to the presence and importance of an intrinsic precursor state
would be best addressed by an additional set of experiments. In particular, it
would be desirable to cool the Si surface to much lower temperatures than
were examined here, e.g., near 20 K, in order to possibly “freeze-in” the
intrinsic precursor state, verifying its presence by an appropriate surface-sensi-
tive spectroscopy [37,62). Alternatively, by examining the scattered F, flux as a
function of takeoff angle and surface temperature it may be possible to detect
a trapping/desorption channel [32], which would be associated with the
precursor state. Obviously until such experiments are conducted, based on our
results it is difficult to comment meaningfully on the possible presence and
relative stability of an intrinsic precursor state for F, adsorbed on the Si(100)
surface. Nonetheless, for the experimental conditions examined here, its
influence on the kinetics of adsorption appears to be negligible.

Unlike the somewhat ambiguous situation concerning the adsorption kinet-
ics in the limit of zero-coverage, our results definitely point to the importance
of a (mobile) extrinsic precursor state. In particular, at a substrate temperature
of 120 K the probability of adsorption was found to be nearly independent of
coverage for a large range. We were able to fit the coverage versus exposure
curves to a model expression that included as a parameter the relative rates of
desorption and migration from the extrinsic precursor. In particular, this
parameter is defined as K’ =k /k,,. Thus, an Arrhenius plot of K’ versus
reciprocal temperature will yield the difference of the activation energies,
E; — E,, and the ratio of the preexponential factors k© k!, An Arrhenius
plot of the parameter k" obtained at 120, 200 and 300 K is displayed in fig. 24.
Each of these values is the mean value obtained from two separate experi-
ments. We see that the data are well described by an Arrhenius expression.
From a fit of the data we obtain values for the kinetic parameters of
E;—E.=1140.3 kcal mol™" and k[®/k/® =10"2%°4 = 17. These values
are quite reasonable, e.g., they compare well with values employed in time-de-
pendent Monte Carlo simulations of precursor-mediated adsorption kinetics
[63]. As expected, the activation energy for desorption from the extrinsic
precursor exceeds that for migration. In addition, since desorption is associ-
ated with motion normal to the surface (i.¢., characterized by a stretching
frequency), whereas migration is associated with motion parallel to the surface
(i.e., characterized by a frustrated translation), one expects the ratio of the
preexponential factors to well exceed unity.

Another experimental observation suggests also the importance of the
extrinsic precursor state to the kinetics of adsorption. In particular, the
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Fig. 24. Arrhenius plot of the parameter X' = kj /k,, defined as the ratio of the rate coefficients
for desorption and migration from the extrinsic precursor [see text and eq. (2)].

“saturation” coverage of the rapid adsorption phase determined from the fits
displayed above in fig. 2 has been found to decrease with increasing tempera-
ture. For example, 8, is 1.57 ML at 120 K, it decreases to 1.44 ML at 300 K,
and finally to 1.18 ML at 600 K. It is important to note that this is not merely
an artifact due to the lessened thermal stability of the adlayer above coverages
of 1 ML. For example, as may be seen from the data shown in fig. 6, coverages
up to ~ 1.7 ML are stable to 600 K. The decrease in the “saturation” coverage
with increasing substrate temperature is most probably a manifestation of a
decreased residence time in the extrinsic precursor state. Thus, at lower
substrate temperatures, the residence time is increased, more sites may be
accessed and the apparent saturation coverage is larger. Presumably, at
significantly higher pressures (i.e., greater than 1 Torr) this reaction channel
for the dissociative adsorption of F, above coverages of ~ 1.2 ML becomes
important even at substrate temperatures well above 200 K. Since high
coverages of fluorine (= 5-6 ML) are necessary to produce a significant rate
of decomposition for temperatures of 400 K and below (cf. figs. 6 and 7), these
observations should be kept in mind when modeling the steady-state etching
of Si by E,.

Our results concerning the effects of the translational energy of the incident
F, molecules on the adsorption probability by no means represent an exhaus-
tive study. Specifically, our results are representative of a single substrate
temperature (120 K) and a single, relatively glancing angle of incidence (75°
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from normal). Consequently, drawing broad conclusions from these data is
probably unwise. Two aspects of the adsorption kinetics warrant discussion,
namely, the effect of (E,,) on both the initial probability of adsorption, and
the probability of adsorption above coverages of ~ 1.5 ML, i.e., the “slow”
phase of adsorption (cf. fig. 1). Within experimental uncertainties, the initial
probability of adsorption of F, remained constant as ( E,;) was increased from
1.5 to 19 kcal mol ™!, Since S, = 0.46 for the 10%F,/Ar mixtures (( E,) = 1.5
kcal mol 1), the adsorption reaction in the zero-coverage limit is relatively
facile. On the other hand, some effect due to (E, ) of the incident F,
molecules might be expected for the higher coverage regime. For example,
Rettner et al. {48], examining the dissociative adsorption of O, on the W(110)
surface, found that higher coverages could be obtained with a higher energy
reactant beam. For the two gas mixtures considered here, we have found no
evidence for such an effect for the F,/Si(100) system. It is possible that at
translational energies higher than those considered here, where (E, ) <19
kcal mol ™!, some increase in the adsorption probability at high coverages may
be observed. However, we feel this is unlikely due to the above discussed
importance at high coverages of a reaction channel mediated by an extrinsic
precursor.

The results obtained with the partially dissociated F/F, beams are qualita-
tively consistent with those reported by Stinespring et al. [24]. We estimate
that the adsorption probability of atomic fluorine on the clean Si(100) surface
is equal to 0.5 + 0.3, i.e., very similar to the value found for molecular fluorine.
On the other hand, clear differences were observed for the “slow” adsorption
phase, indicative of coverages >2 ML, with the adsorption probability for
F(g) greatly exceeding that for F,(g). For example, for a coverage of 3—-4 ML,
the adsorption probability of F(g) exceeds that for F,(g) by a factor of ~ 200,
the calculated value for F(g) equal to 0.28 + 0.1 for this coverage regime. It is
of interest to note that this value is comparable to that obtained for the initial
probability, i.e., 0.5 + 0.3, which suggests that the adsorption probability of
atomic fluorine is only weakly dependent on coverage for this coverage regime
and 7, =120 K. On the other hand, apparently unlike molecular fluorine, the
adsorption of atomic fluorine at coverages above 2 ML may be activated, as
evidenced by the data displayed in fig. 4. Clearly, concerning this last
observation, a more complete data set concerning the effect of (E, ) on the
adsorption of F(g) on Si, especially at high coverages, is most desirable.

4.2. Decomposition / desorption kinetics

A discussion of our results concerning the kinetics of the reactions between
F,(g) and the Si(100) surface that lead to the gasification of the substrate may
be conveniently divided into three separate issues: (i) the qualitative aspects of
the decomposition reaction, including the product yields, the thermal stability
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of the adlayer, etc.; (ii) the kinetics of decomposition in the monolayer regime;
and (iii) the kinetics of SiF,(g) formation in the limit of very low fluorine
adatom coverages. Our results involving the steady-state thermal decomposi-
tion reaction will be discussed with a particular emphasis on the implications
of these results in regard to the mechanism of the “high” pressure etching
reaction between F,(g) and the Si substrate.

The major features of the thermal decomposition of silicon-fluoride ad-
layers, representing fluorine coverages from 0.5 to ~ 13 ML, are summarized
well by the data shown above in figs. 6-8. Briefly, we have found that for
initial coverages below ~ 3 ML, SiF, is the major gas phase reaction product.
Above a coverage of ~ 3 ML, the relative yield of SiF,(g) remained essentially
constant, whereas that for SiF,(g) increased continuously. These are the only
reaction products observed, i.e., the radicals SiF(g) and SiF;(g) were not
observed, nor was Si,F,(g). The simple explanation for the observed product
distributions is that at higher fluorine coverages the relative proportion of
more highly fluorinated intermediates, such as SiF;(a) {10,17], is greater, and,
consequently, formation of the more thermodynamically stable product,
SiF,(g), dominates. This influence of the fluorine coverage on the product
distribution has been pointed out previously by Winters and Coburn [16]. In
particular, they reported that the production of SiF,(g) increased with decreas-
ing coverage.

The relative thermal stabilities of the silicon-fluoride adlayers examined
here can be separated into three groups. Coverages below ~ 2 ML are stable
to ~ 600 K, with SiF,(g) being the major reaction product in this regime.
Coverages below ~ 6 ML are stable to nearly 400 K, the two-peaked SiF,(g)
desorption feature occurring between 400 and 800 K [cf. fig. 7a] being the
dominant new feature for this coverage regime. Finally, for coverages between
~ 6 and 13 ML, the adlayer is not stable even below 200 K, where SiF,(g) is
the dominant reaction product. Presumably, this coverage regime is quite
similar to those examined under “realistic” etching conditions, such as those
employing XeF, [17].

The most intriguing aspect of our investigation of the decomposition
kinetics undoubtedly involves the complex behavior observed in the mono-
layer regime, e.g., for initial coverages of 1-1.3 ML the observation of
zero-order kinetics for 0 = 0.3-1.0 ML [38]. Two experimental observations
suggest strongly that arguments based on a thermodynamically driven domain
formation (i.e., due to adatom-adatom interactions) [60] are not relevant in
this case. In particular, we have observed the following: (i) the kinetics of the
decomposition reaction are dependent on the initial coverage of fluorine
adatoms [cf. figs. 9b, 10b and 11b}; and (ii) the spatial inhomogeneity of the
decomposition reaction [38] is due to the kinetics of the reaction, not a
thermodynamically driven phase segregation (cf. fig. 18). Thus, any mechanis-
tic model proposed must be consistent with these two observations.
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The dependence of the decomposition kinetics on the initial coverage of
fluorine adatoms is portrayed in fig. 25, Here we have replotted the data from
the “order plots” given in figs. 9b, 10b and 11b by normalizing the data to a
single substrate temperature of 810 K. The normalization procedure made use
of the measured activation energies given in fig. 12. The dependence on the
initial coverage of fluorine adatoms is quite striking. We believe the most
plausible explanation for these results involves preferential reactivity at surface
defects such as atomic steps. We shall attempt to justify this proposition in the
following discussion.

Before discussing in detail the variation of the reaction kinetics with the
adlayer composition and/or configuration, it is useful to consider possible
explanations for preferential reactivity at surface defects. A relatively simple
explanation is preferential formation of the appropriate adsorbed intermediate
at defect sites, e.g., a SiF,(a) species. [Note that, by SiF, (a) species, we mean x
fluorine atoms are coordinated to a single Si surface atom.] For example,
McFeely and co-workers [10] have demonstrated that SiF(a) is the dominant
species in the monolayer regime on a Si(100) surface. They suggest that it is
the only one on a perfect (100) surface, with the SiF,(a) and SiF,;(a) species
confined to defect sites on a imperfect (real} surface. The latter is most
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probably a manifestation of a reduced degree of coordinative saturation of the
Si surface atoms at a step. Thus, since formation of SiF,(g) almost certainly
proceeds through a SiF,(a) species, preferential formation of this intermediate
at defect sites provides a convenient explanation for enhanced reactivity.

As may be seen in fig. 25, for an initial coverage of 0.70 ML, the apparent
order of reaction is positive for all coverages, decreasing in magnitude with
increasing coverage. It is important to note that this coverage is approximately
one-half of the “saturation” value for the “fast” adsorption phase. If the
decomposition reaction involves the formation of SiF,(a) species at defect
sites, an important parameter is the Jlocal coverage of fluorine in the vicinity
defect sites. Since we have observed second-order Langmuirian adsorption
kinetics (T = 300 K), the adlayer configuration below saturation is expected to
be represented by a uniform distribution of fluorine adatoms. Thus, initially,
this local coverage is well approximated by the mean coverage. Depending
upon the mobility of fluorine adatoms and the relative thermodynamic stabil-
ity of the adsorbed species, i.e., SiF(a) versus SiF,(a) species, this local
coverage may or may not vary as the decomposition proceeds. In particular, if
the defect sites do not remain saturated, i.e., fully fluorinated, as the decom-
position proceeds then a positive reaction order in the coverage of fluorine is
expected.

The situation is considerably different for an initial coverage of 1.3 ML, ie.,
near saturation of the “fast” adsorption phase. For this initial coverage, we
have observed positive-order kinetics below ~ 0.3 ML, and zero-order kinetics
between ~ 0.3 and 1.0 ML. At this initial coverage it may be reasonably
assumed that all Si dangling bonds have been coordinated to fluorine atoms
and that the adlayer consists of primarily SiF(a) species with SiF,(a) [and
possibly SiF;(a)] species populating defect sites. It is important to note that a
significant fraction (e.g., 5-10%) of defect sites (steps, vacancies, Si “adatoms”,
“missing dimers”) can be expected to be present on a typically prepared clean
8i(100) surface [64]. Thus, since these defect sites are intrinsic to the surface,
the model does not imply an acceleratory region in the rate of decomposition,
e.g., due to nucleation about a point defect. As may be seen in fig. 13, no
acceleratory region was observed.

In regards to sustaining the zero-order kinetics for an initial coverage of
1-1.3 ML, since the decomposition reaction leads to substrate removal, defect
sites such as atomic steps are regenerated. If the number these defect sites
remains constant as the reaction proceeds, e.g., due to preferential orientation
of the steps along crystallographic directions [65] or a sufficiently rough step
boundary that does not increase in “area”, then the reaction will also exhibit
zero-order kinetics. Concerning the spatial inhomogeneity of the decomposi-
tion, provided fluorine adatoms do not diffuse into “open” areas of the Si
substrate, the decomposition will proceed via a moving defect boundary (e.g.,
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atomic step) that “consumes” fluorine adatoms as the reaction progress. Thus,
in this scenario, there is a coincidence of defect sites and domain boundaries.

For an initial coverage of 2.89 ML, the coverage dependence is quite
complex. In particular, positive-order kinetics are observed below ~ 0.6 ML,
zero-order kinetics are operative between 0.6 and 1.2 ML, and large positive
order kinetics (approaching a reaction order of 10) are observed above ~ 1.2
ML. In keeping with our model for the decomposition reaction, the composi-
tion and configuration of the adlayer are undoubtedly responsible for this
complicated behavior. Unlike the situation for initial coverages below satura-
tion of the “fast” adsorption phase, it is very probable that the adsorption of
~ 3 ML of fluorine adatoms is accompanied by disruption of the Si substrate
lattice. That is, due to insertion of fluorine atoms into Si-Si bonds with
subsequent formation of a covalent Si-F bond, the registry of the lattice is
disturbed and defect sites are actually created by the chemisorption of fluorine
atoms.

We can develop a simple mathematical model to describe this situation. Let
us assume that the clean Si surface contains a fraction of surface sites 8, where
8 < 1, for which SiF,(a) formation is facile and occurs during the “fast”
adsorption phase. Let us assume further that for each fluorine atom chemi-
sorbed above the saturation coverage of the “fast” adsorption phase, O ., a
SiF,(a) species is created. Thus, for coverages above saturation of the fast
adsorption phase, i.e., 85/0,, > 1, the coverage of SiF,(a) species predicted
by this model will be given by bg;p, = 8 + (05 /0, — 1). If we assume that the
order of the decomposition reaction is first-order in the coverage of SiF,(a)
species, then this expression predicts that the reaction order of the decomposi-
tion reaction in the total coverage of fluorine adatoms, #, for 8 > 0k, will
be given by

8 ln(kdagpz) - GF/gF,w(
din 9]: 5+ (3F/9F,sat - l) )

Note that the above expression predicts that the apparent reaction order for
O =0, will be given by 1/8, i.e., > 1. Thus, the large apparent reaction
orders observed for coverages above ~ 1.2 ML can be explained by this
model.

This mechanism is consistent also with the observed break in the order of
the kinetics at 0.6 ML for an initial coverage of 2.89 ML, i.e., the transition
from zero-order kinetics to positive-order kinetics with decreasing coverages.
In particular, the deviation from zero-order kinetics can be expected to scale
with the concentration of defect sites where SiF,(a) species may form. For
example, at an initial coverage of 1.3 ML, the break is apparent at ~ 0.3 ML,
which suggests a defect site density on the order of 15% (i.e., 2F(a) — SiF,(a)).
On the other hand, for an initial coverage of 2.89 ML, the break occurs at 0.6
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ML, which suggests that the defect site density is greater in this case. Thus, the
more limited coverage range for which zero-order kinetics apply observed for
an initial coverage of 2.89 ML is consistent with Si lattice disruption at high
coverages.

In concluding the discussion of the experimental results portrayed in fig. 25
we have been able to obtain a qualitative picture of the decomposition
reaction by employing a relatively simple mechanistic model, i.e., preferential
formation of SiF,(a) species at defect sites. Namely, for initial coverages below
saturation of the fast adsorption phase, these defect sites are and remain
unsaturated, and the decomposition reaction exhibits positive order kinetics.
For an initially saturated adlayer, the defect sites are saturated, and remain so
by continually drawing on a reservoir of nearest neighbor fluorine adatoms,
i.e, via a moving domain boundary between regions of a locally saturated
adlayer and clean surface. This results in the observation of zero-order kinetics
over a large coverage range. At high coverages defect sites are created by the
chemisorption of fluorine atoms and, consequently, the decomposition reac-
tion exhibits a large positive order above coverages near “saturation”. It must
be stressed that, in the absence of additional experimental results, extrapola-
tion of this mechanism to significantly different reaction conditions (e.g.,
temperatures) may be both difficult and unwise. For example, this simple
model does not explicitly address the crucial effects of fluorine adatom
mobility, in addition to the relative thermodynamic stabilities of the adsorbed
species, i.e., SiF(a) and SiF,(a).

At this point it is useful to consider explicitly a quantitative kinetic model
for the decomposition reaction leading to the desorption of SiF,. The proposed
overall mechanism is given by

F(a) + SiF(a) ;—». SiF, (a) ©6)
and
SiF, (a) & SiF, (g). (7)

In eq. (6), F(a) represents either a nearest neighbor SiF(a) species or a
diffusing and/or “interstitial” [27] fluorine atom. The reaction mechanism
embodied by eqgs. (6) and (7) is deceptively simple. Although the reaction given
by eq. (7) is almost certainly first-order in 8, the formulation of the kinetics
given by eq. (6) is considerably more complicated. The difficulty in describing
the reactions of eq. (6) lies in accounting for both the effects of adlayer
configuration and /or mobility (i.e., homogeneous versus inhomogeneous), and
the effects of defects. The latter aspects is crucial since, as discussed above, the
work of McFeely et al. [10] implies that SiF,(a) formation is restricted to
defects at low coverages. To simplify matters, we shall assume that the
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forward reaction of eq. (6) has some general coverage dependence, g(§;), and
that the reverse reaction is first-order in the coverage of SiF,(a) and first-order
in the fraction of vacant sites, i.e., (1 — 0g/0g,, ), assuming O > O . If we
make a pseudo-steady-state approximation on the coverage of SiF,(a) (i.e.,
d0g;, /dt = 0) we obtain the following for the rate of desorption of SiF,:

K,
N (kg/k_) + (1 —0g/0c ) 8(6r), ®
where K| = k,/k_,. Two limits of eq. (8) are of interest. If the reaction is
desorption rate-limited, i.e., kg < k_;(1 — 0/0r ), €q. (8) reduces to ry g,
= kqK8(0r)/(1 — 6/Og ), whereas if the reaction is limited by the rate of
formation of SiF,(a) (“reaction-limited”), i.e., ky> k_,(1 — 05/ ,,), then
rasiF, = k18(0g).

Given the kinetic model embodied by eq. (8), a reasonable mechanism for
the zero-order regime can be put forward. In particular, we propose that in
this regime the reaction is limited by the rate of SiF, desorption and, provided
the coverage of fluorine adatoms is above some critical value, the concentra-
tion of the adsorbed SiF,(a) species remains saturated. In terms of the kinetic
model, K;2(0¢)/(1 — 0p/0g ) = Osip, sar> fO1 O 2 Op oy, and rgp, = kg, g
Thus, the apparent zero-order rate coefficient is the product of a first-order
coefficient, k4, and a coverage, Og;r, .- A reasonable upper limit for fgp g, is
0.15 ML, ie., { of 0.3 ML, the lower boundary of the zero-order regime for
initial coverages of 1.3 ML. Accounting for stoichiometry (i.e., 2F(a) — SiF,(g))
this implies first-order preexponential factors for the desorption of SiF, of
47 x 10" 57! and 4.7 X 10 s, employing the values obtained via XPS and
temperature-programmed desorption (TPD), respectively. The former value
compares well to that predicted by transition state theory, provided the
transition state SiFj is assumed to possess considerable two-dimensional
translational and rotational freedom [52,66]. However, the latter value is
beyond any reasonable limit for a first-order preexponential factor.

A reasonable question to pose is are the XPS and TPD results consistent,
e.g., might they actually reflect different mechanisms as a consequence of the
(somewhat) different temperature ranges examined. Experimental data, ob-
tained via the two techniques and representative of the zero-order regime, are
displayed in fig. 26. The data from TPD represent an initial coverage of 1.26
ML, and seven different fixed coverages of 0.4, 0.5,...1.0 ML. An analysis of
the TPD spectra gave kinetic parameters of k{3 =2x10" ML s™' and
E, = 87 + 2 kcal mol ! for the zero-order regime. On the other hand, from the
isothermal decomposition experiments employing XPS, we obtained kinetic
parameters of 1.4 X 1017 ML s™! and 68 + 5 kcal mol ™ for this same coverage
regime. It is important to note that the majority of the TPD results displayed
in fig. 25 are confined to the temperature range of 780-805 K. Note also that
the experimental uncertainty in the rates derived from TPD increase with

Fasip, = kdBSiFZ =k
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Fig. 26. Arrhenius plot of the rate of SiF, desorption versus the reciprocal temperature. These data

are representative of the zero-order regime and were obtained via TPD (open circles) and XPS
(closed triangles).

decreasing temperature (i.e., decreasing rate), whereas those from XPS de-
crease with decreasing temperature, due primarily to the need for a nearly
step-function change in the temperature at the higher substrate temperatures.
Stated in another fashion, the uncertainties in the values obtained from each
technique are greatest in the region where the two curves intersect (cf.
estimated error bars in fig. 26). We shall consider separately two possibilities
for this apparent discrepancy in the measured kinetic parameters — the first
involving a physical explanation, and the second involving the possible role of
experimental artifacts.

Bauer and co-workers [67], examining the desorption of submonolayer
metal overlayers (Ni, Cu, Ag and Au) from the W(110) surface, found that
Arrhenius plots of the rates of desorption (at a fixed coverage) were not linear,
but could be described by two intersecting straight lines. These results were
interpreted as due to a phase transition in the adlayer, with the high tempera-
ture, low activation energy and low preexponential factor regime characterized
by desorption from a two-dimensional ““vapor” phase, and the low tempera-
ture regime by desorption from a “condensed” phase. In these cases, due to
attractive adatom-—adatom interactions, the activation energy for desorption
from the condensed phase was greater. Probably more relevant to the work
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here on the F/Si(100) system are the observations that have been made
recently concerning the desorption of H, from the Si(100) surface [68].
Namely, two linear Arrhenius regimes were found, with the high temperature
regime exhibiting the higher activation energy and preexponential factor. In
this case, the results can be interpreted by invoking parallel, competing
reaction mechanisms, with one mechanism dominating in each regime. This
physical explanation, i.e., parallel reaction mechanisms as opposed to adlayer
phase segregation effects, is the more probable one concerning the data
displayed here in fig. 26. In particular, as discussed above in section 3.2.4, we
find no evidence for a thermodynamically driven phase segregation in the
adlayer, rather, the observed inhomogeneity is due to the kinetics of the
decomposition reaction.

Experimental artifacts that could lead to the apparent discrepancy dis-
played in fig. 26 include: (i) the presence of temperature gradients across the
sample, which would produce an erroneous thermocouple reading; (ii) varia-
tions in the angular and/or velocity distribution of the desorbing SiF,(g)
product with substrate temperature; and (iii) the presence of additional
reaction products, e.g. SiF,(g), which could influence the XPS results since the
depletion of fluorine adatom coverage is measured. Concerning point (i),
temperature gradients would most likely be manifest in the TPD spectra at the
high heating rates, e.g., underestimating the substrate temperature due to a
thermal time lag between the sample area viewed by the detector and the
thermocouple. If this were the case, we would expect a systematic deviation of
the data produced by the higher heating rates. As may be assessed from the
data shown in fig. 26, which were produced by employing seven different
heating rates, we find no evidence for deviations at the higher heating rates.
This observation is consistent with theoretical expectations for the magnitude
of thermal gradients. In particular, based on the configuration of our sample
and the thermocouple, we estimate conservatively that gradients, if present, do
not exceed 5 K. Concerning point (ii), assuming a 7''/? dependence for effects
due to the velocity distribution of the desorbing SiF,(g) product, the resultant
effect on the TPD data shown in fig. 26 would be a total difference of ~ 3%
between the extrema, i.e. negligible. However, if the desorbing SiF, (g) product
is not thermally accommodated by the surface, the temperature dependence of
the velocity distribution could be much stronger than T'/2 If this was the
case, the effect on the TPD data could be significant, i.e., much larger than
3%. Concerning point (iii), the presence of multiple reaction channels (i.e.,
reaction products) would invalidate the proportionality relationship —d#y/d
& ry s, Depending on the predominance and energetics of the other [i.e., not
SiF,(g)] reaction channels, in general, the XPS and TPD results will differ.
However, based on our calculations of the relative product yields (cf. fig. 8),
for coverages below 2 ML the rate of production of SiF,(g) is at most 2% of
that of SiF,(g). As discussed above in section 3.2.1, we were also able to
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discount any significant production of SiF(g) and Si,F,(g). In addition, the
ISS results presented in section 3.1.4 imply that diffusion of fluorine adatoms
into the bulk, which would also lead to a depletion in the surface concentra-
tion of fluorine, is not significant. Thus, we conclude that it is unlikely the
XPS results are not indicative of the desorption of SiF,(g). Collecting our
observations, and applying the appropriate experimental uncertainties, we
estimate that the relative error in calculating the activation energies is ~ 5-10
kcal mol ™!, which may be compared to the measured difference between the
two techniques of ~ 19 kcal mol~!. Thus, we conclude that the physical
explanations discussed above may be important in explaining the data de-
picted in fig. 26.

The kinetic model represented by eq. (8) may be employed also to suggest
mechanisms for the decomposition reaction in the limit of zero coverage. As
was demonstrated in section 3.2.3, in the low coverage limit the SiF,(g)
formation reaction is second-order in the coverage of fluorine adatoms. In
terms of the kinetic model, in the limit of low coverages, the coverage
dependence of the forward reaction of eq. (6) is most probably second-order,
ie., g(fg)=0Ff. Thus, if the reaction is desorption-limited, rygr, =kqK,0%,
whereas if it is formation-limited, 7,gF, = k,0%, i.e., both mechanisms are
consistent with second-order kinetics. Distinguishing between these two possi-
bilities can be aided by knowledge of the coverages of the two intermediates
under the reaction conditions considered in figs. 15 and 17. The concentration
of SiF(a) species may be calculated by employing the steady-state rate of
reaction (S, Fy = 0.5 ML s~ ') and the measured second-order rate coefficient
(k47)- Similarly, the concentration of SiF,(a) species may be calculated by
employing the rate of reaction and the first-order rate coefficients for the
desorption of SiF, implied by the data given by fig. 26. The results of these
calculations, which correspond to the reaction conditions considered in figs. 15
and 17, are displayed in fig. 27. Unfortunately, due to the large spread in the
coverages calculated for the SiF,(a) species, which arises from the different
kinetic parameters measured via XPS and TPD, we cannot explicitly identify
which mechanism is operative under these reaction conditions. Note, however,
that should the desorption-limited mechanism be the operative one, this will
have important consequences on an interpretation of the measured apparent
activation energy, which in this case is given by E,,,=E;—E_, + E;. In
particular, employing E,,, =59 kcal mol~! and E; = 68-86 kcal mol™! we
find that E_, — E; = 9-27 kcal mol "}, which implies that the SiF,(a) species
is the more thermodynamically stable adsorbed species.

Equipped with the activation energy for desorption of SiF,(a), implied by
the XPS and TPD results, and if we assume that the equilibrium, 2F(a) =
SiF,(a) + Si(s), exists for those conditions examined via MMBRS, we are
permitted a construction of a potential energy diagram for the reaction
F,(g) + Si(s) — SiF,(g). This diagram is shown in fig. 28. The overall reaction
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Fig. 27. Pseudo-steady-state coverages of the adsorbed SiF(a) and SiF,(a) species calculated from
the rate coefficients displayed in figs. 17 and 26, and corresponding to the reaction conditions of
fig. 15. The hatched areas illustrate the experimental uncertainties involved in these calculations.

is exothermic by 141 kcal mol ! [69]. The SiF,(a) level may be set relative to
the gas phase SiF,(g) level by assuming a value for the activation energy of
adsorption of SiF,(g). A reasonable estimate is that this adsorption reaction is
unactivated. From the MMBRS results, assuming that the pseudo-equilibrium,
2F(a) = SiF,(a) + Si(s), is maintained, the measured activation energy of 59
kcal mol ™! is equal to E; — E_, + E,, which sets the 2SiF(a) level with respect
to SiF,(g). (Note that if the reaction examined by MMBRS is formation-limited,
E, = 59 kcal mol ™, and we cannot specify the SiF(a) level with respect to the
gas phase SiF, (g) level.) It is of interest to compare the implied binding energy
of an adsorbed fluorine adatom to those derived for gas phase SiF, species,
where x = 1-4. From fig. 28 the implied binding energy is 3(37 + 141 + 59) =
119 + 3 kcal mol™!. On the other hand, the average binding energy for the
adsorbed fluorine adatoms associated with the SiF,(a) species is 3(37 + 141 +
(68-86)) = (123-132) + 3 kcal mol~'. Both of these implied binding energies
compare well with the appropriate gas phase values. In particular, the bond
dissociation energies for the gas phase species are equal to 123, 155, 135 and
160 kcal mol~! for Si-F, SiF-F, SiF,~F and SiF,—F, which results in an
average value for SiF, of (123 + 155) =139 kcal mol~!. The agreement
between the gas phase values and those implied in fig. 28 for the binding
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Fig. 28. Potential energy diagram illustrating the reaction between F,(g) and the substrate Si(s)

that produces the gas phase reaction product SiF,(g). The SiF,(a) level is derived from measure-

ments from temperature programmed desorption, whereas that of SiF(a) is derived from measure-

ments from MMBRS (see text). For comparison, the binding energies implied by the correspond-
ing bond dissociation energies for gas phase SiF, species [69] are shown also.

energy of fluorine adatoms suggests that a pseudo-equilibrium between the
adsorbed species is maintained in the MMBRS experiments.

Our examination of the kinetics of SiF,(g) formation is considerably less
detailed than those conducted with respect to SiF,(g). Depending on the initial
coverage of fluorine adatoms, SiF,(g) formation was observed over the temper-
ature range of 120-800 K. We attempted a quantitative analysis of the
two-peaked desorption feature occurring between 400 and 800 K. Both the
shape (i.e., FWHM) and the shift of the peak temperature with increasing
initial coverage for these two peaks suggested second-order kinetics. An
analysis of the spectra by two independent methods gave kinetic parameters of

= 32-45 kcal mol™! and £} = 5 X 10°-6 x 10'* s~ for the peak near 700
K and E;=17-23 kcal mor and k§} =2x10°-4x 107 s™* for the peak
near 550 K. The discrepancy between the two methods of analysis is most
probably associated with the assignment of a fixed reaction order and/or
fixed kinetic parameters when fitting the entire peak shape. Comparison of
these kinetic parameters to those found for the gas phase decomposition (i.e.,
pyrolysis) of 8i,F(g) is useful. Specifically, Walsh and co-workers {70] have
shown that Si,F,(g) decomposes via a 1,2-fluorine shift to produce SiF,{g) and
SiF,(g). The kinetics were found to be first-order, the parameters given by
E4=46.2+0.7 kcal mol™! and k() =2.6 x102%%2 =1 These values are
remarkably similar to those found for the 700 K desorption peak, i.e., where
E4=45+9 kcal mol™! and k{} =6 X 10*** 571 A likely candidate for the
mechanism of this reaction channel is ~SiF,~SiF; — —SiF,_, + S$iF,(g), where
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x=1, 2. If, as Walsh and co-workers have suggested [70], the transition state
for this 1,2-fluorine shift involves a three-center donor—acceptor complex, then
the kinetics may be expected to vary depending upon if x =1 or 2. This could
explain the two-peaked desorption feature - ie, one peak representing the
reaction =SiF-SiF; - =8; + SiF,(g), the other the reaction -SiF,-SiF; — =SiF
+ SiF,(g). In regards to possible future spectroscopic investigations we note
that the two-peaked desorption feature can be “decoupled”. That is, if one
anneals adlayers representative of initial coverages of =5 ML to a tempera-
ture of 625 K, thus desorbing the 550 K feature, cools the substrate to 120 or
300 K, and heats the substrate to 800 K, only the 700 K desorption feature
appears. Specifically, there is no “mixing” of the two desorption features upon
cooling the substrate to 300 K. Consequently, a spectroscopic investigation of
the adlayer before and after a 625 K anneal could be useful in determining the
reaction channels that lead to the production of SiF,(g).

The most important conclusion we can draw from our examination of the
steady-state reaction of F,(g) with the Si(100) surface is that we can exclude
any significant reaction occurring via an Eley-Rideal mechanism, i.e. F(g)
must adsord dissociatively for the reaction to occur. Based on the sensitivity of
our mass spectrometric detection, we place an upper limit on reaction via an
Eley—Rideal mechanism of 1072 of that measured and associated with a
Langmuir-Hinshelwood mechanism. It is important to note, however, that
under all conditions examined, the coverage of fluorine was always less than
1.5 ML, and the major reaction product was always SiF,(g). Thus, the
possibility exists that the situation may be different at higher coverages.

It is of interest to compare our results to previous work by Mucha et al.
[25], who examined the etching of Si by F,(g) for partial pressures of F, of
1-500 Torr and temperatures of 300-450 K. Summarizing, these workers
found that the etch rate varied linearly with Py, for pressures below ~ 10
Torr, with the relative increase in the etch rate decreasing with Py, above 10
Torr. The etch rate (R,,,) was found to be described well by an Arrhenius
expression, with an activation energy of 9.2 kcal mol ™. At Pr_= 1.0 Torr and
T = 455 K, the measured etch rate was found to be 100-300 A min ™!, which
for Si(100) corresponds to 1.23-3.7 ML s, Based on both the measured rate
of reaction and the activation energy, our results from temperature pro-
grammed decomposition (cf. figs. 6 and 7} imply that the coverage of fluorine
under these “high” pressure conditions was 5 ML or greater. A useful quantity
to derive from the results of Mucha et al. is the reaction probability of the F,
molecules Rp. This quantify is defined as Ry, =2R o/ (Fp,/n,) where
(Fg,/n,) is the impingement rate of the F, molecules. The factor of 2 arises
from the assumption that SiF, is the major reaction product under these
conditions. At Pp, =10 Torr and T=455 K we find that the reaction
probability is calculated to be Ry =(0.63-1.9)x 107°. It is of interest to
compare this value to our measured value for the probability of dissociative
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adsorption. In particular, at T, =120 K and for coverages above 3 ML, we
find from the data shown in fig. 1 that Sg = 1073, Thus, if we equate the
dissociative adsorption probability and the reaction probability, which is valid
provided the fluorine adatoms produced do not recombine to form molecular
fluorine and then desorb, the lower value calculated for the reaction probabil-
ity is due to either the higher temperature, or the presumably higher coverage.
Unfortunately, it is difficult to unambiguously resolve this issue since our data
do not extend beyond 4 ML.

As stated above, Mucha et al. [25] observed that the relative increase in the
etch rate decreased with increasing F, partial pressure. They attributed this to
“Langmuir-like isotherm behavior”. We have fit their data to a Langmuir
isotherm representative of molecular nondissociative adsorption of F,. That is,
we assume that adsorption at high coverage proceeds through an extrinsic
precursor state, and, under reaction conditions, the probability for dissociative
adsorption is proportional to the coverage of F, molecules in this extrinsic
precursor state. Moreover, we assume this probability to be much less than
unity, which is justified both by our data for the adsorption kinetics at high
coverage (cf. fig. 1) and by the above calculated reaction probabilities. Thus, a
virtual equilibrium will be established between the gas phase F, molecules and
the extrinsic precursor state, and we may apply the classical Langmuir
isotherm [71}, L.e., Ry X Oy = K (T ) Pg,/[1 + Kg;(T) P ]. The least-squares
fit to the experimental data is shown in fig. 29. The temperature dependent
equilibrium coefficient [K;(7')] is found to be given by 9.3 X 107¢ Pa~ .
Employing a statistical mechanical formalism to calculate the preexponential
factor of this coefficient we find that the implied heat of adsorption for the
extrinsic precursor state is 6 kcal mol™!. This value is well within the
expectations for a weakly bound molecular adsorption state. Thus, the data of
Mucha et al. [25] are entirely consistent with a reaction between adsorbed
fluorine atoms and the Si substrate, with the dissociative adsorption of the F,
molecules mediated by an extrinsic precursor state.

The importance of the extrinsic precursor state to the steady-state etching
of Si by E, sheds some light on the feasibility of various methods that could be
employed to enhance this reaction. Let us assume for the moment that the
dissociative adsorption of F,, at a constant substrate temperature, is only
weakly dependent on coverage above 3 ML (cf. fig. 1). This is reasonable since
the configuration of the ropmost layer of the Si substrate, which presumably
controls the adsorption kinetics, probably changes very little as the coverage
increases beyond 3-5 ML. This implies that the reaction probability calculated
at 455 K (ie., (0.63-1.9)x107°) differs from our measured adsorption
probability at 120 K (i.e., 1073) due primarily to the difference in tempera-
ture. In this case, the activation energy associated with dissociative chemisorp-
tion will be less than that for molecular desorption. Furthermore, with respect
to the gas phase F, level, this suggests that the dissociative adsorption of F, at
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Fig. 29. Steady-state Si substrate etch rate at a temperature of 376 K as a function of the partial

pressure of F, taken from the data of Mucha et al. [25). The solid curve represents an analytic fit

of the data to a Langmuir isotherm, where the etch rate is assumed to be equal to the rate of

dissociative adsorption of F, and, hence, proportional to the coverage of F, in the extrinsic
precursor state (see text).

high coverages is not activated. This conclusion is entirely consistent with the
data displayed in fig. 1, where the average translational energy was found to
have little effect on the adsorption kinetics. Thus, we suspect that efforts
directed at enhancing the F, etching reaction of Si by increasing the average
translational energy of the F, molecules will meet with little if any success.

5. Conclusions

We have examined in detail the interaction of fluorine with the Si(100)
surface. The main conclusions of this work may be summarized as follows.

(1) F, adsorbs dissociatively on the clean Si(100) surface, and the initial
(zero-coverage) probability of adsorption is equal to 0.46 4 0.02. This value is
independent of both substrate temperatures of 7,=120-600 K, and the
average translational energies of the incident F, molecules of (E,) =1.5-19
kcal mol 1.

(2) There is an initial rapid phase of adsorption, which “saturates” at a
coverage of 0z = 1.5 ML, and corresponds to the attachment of fluorine atoms
to the dangling bonds present on the Si surface atoms. For substrate tempera-
tures of 300 K and above, this phase of adsorption is well characterized by
second-order Langmuir kinetics. However, below 300 K, trapping into an
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(molecular, mobile) extrinsic precursor state becomes important, which results
in an adsorption probability that is nearly independent of coverage at 120 K.

(3) The adsorption of atomic fluorine is qualitatively distinct from molecu-
lar fluorine. Whereas the initial probabilities of adsorption are similar, above
coverages of ~ 3-5 ML, the adsorption probability of F(g) exceeds that for
F,(g) by approximately two orders of magnitude. In addition, unlike molecular
fluorine, the adsorption of atomic fluorine at high coverages may be activated.

(4) We found no evidence for an irreversible penetration of adsorbed
fluorine adatoms into the Si substrate. The coverage range examined was
representative of the monolayer regime.

(5) SiF,(g) and SiF,(g) are the only gas phase reaction products resulting
from the thermal decomposition of silicon-fluoride adlayers, which are pro-
duced by exposing a clean Si(100) surface at 120 K to a beam of molecular
and atomic fluorine. The relative yield of the two gas phase products depends
strongly on the initial coverage of fluorine adatoms. For coverages below ~ 3
ML, SiF,(g) is the major reaction product, whereas for coverages above 3 ML,
the relative yield of SiF,(g) remains constant while that of SiF,(g) increases
continuously. Independent of the initial concentration of fluorine adatoms, the
thermal decomposition is terminated near 800 K by the removal of one
monolayer of the Si substrate in the form of SiF,(g).

(6) The kinetics of the desorption of SiF,(a) depends in a complex fashion
on the initial coverage of fluorine adatoms. A critical parameter is the ratio of
the initial coverage to the apparent saturation coverage of the “fast” adsorp-
tion phase, which is =1.2-1.6 ML. In particular, the local coverage of
fluorine adatoms in the vicinity of surface defects, where SiF,(a) species are
formed preferentially, influences the kinetics greatly. A manifestation of these
effects is the observation of zero-order kinetics spanning the range of 1.0-0.3
ML for initial coverages of 1-1.3 ML. The kinetic parameters for this coverage
regime, determined form two independent methods, are given by E; = 68-86
kcal mol ™! for the activation energy and £} = 1.4 X 10'7-1.4 X 10>> ML s~!
for the zero-order preexponential factor. This reaction is limited by the rate of
desorption of SiF,(a).

(7) Examination of the adsorption kinetics of F, on a partially decomposed
adlayer suggests that the thermal decomposition in the zero-order regime
proceeds inhomogeneously, leaving separate domains where the local fluorine
coverage is either near “saturation” or zero. Merely annealing an adlayer
representative of the same coverage regime does not lead to adsorbate domain
formation. Therefore, the major driving force for domain formation is associ-
ated with the decomposition reaction itself. We propose that the most likely
scenario that can explain the inhomogeneity and zero-order behavior of the
decomposition involves preferential reactivity at surface defects, such as
atomic steps.

(8) In the limit of very low fluorine adatom coverages the decomposition
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reaction that produces SiF,(g) is second-order in the coverage of fluorine. The
kinetic parameters were found to be given by E ;=159 kcal mol™! for the
activation energy and k{3 =1.7x 10> cm® s™! for the second-order preex-
ponential factor.

(9) The reaction channels that lead to the desorption of SiF,(g) between
temperatures of 400 and 800 K are probably similar to the gas phase pyrolysis
of Si,F,, which decomposes via a 1,2-fluorine shift to produce SiF,(g) and
SiF,(g).

(10) The steady-state reaction between F,(g) and the Si(100) surface in-
volves a reaction between chemisorbed fluorine adatoms, which result from
the dissociative adsorption of F,, and the Si substrate. In particular, we can
discount any significant reaction occurring via direct reaction of gas phase F,
and the Si surface atoms. Examination of “high” pressure kinetic data
suggests that dissociative adsorption via an extrinsic precursor is important in
the steady-state etching of Si by F, molecules.
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