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I. Introduction

Ever since the formation of molecular free radicals
in the gas phase was demonstrated by Paneth,! Rice,?
and co-workers, the interaction of such species with
surfaces has been a matter of concern to chemists. The
customary situation is that such interaction has a de-
leterious effect, since free radicals tend to recombine
or are otherwise deactivated on surfaces, thus de-
creasing their availability for participation in other
chemistry. The increasing importance of plasma-as-
sisted chemical etching (PACE) and chemical vapor
deposition (PACVD), especially in the fabrication of
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microelectronic devices, has made it necessary to un-
derstand in detail the chemical reactions that ensue
when free-radical species impinge on surfaces, since free
radicals are an important constituent of such plasmas.

The subject of this review is the reactions of photo-
generated free radicals at the surfaces of electronic
materials. Some definitions are in order at the outset.
The most appropriate definition of a free radical for our
purposes is a reactive valence-unsaturated species, that
is, a “transient species...that has a short lifetime in the
gaseous phase under ordinary laboratory conditions”.?
A somewhat more colorful definition is that of “a
chemical reaction waiting to happen”.* These defini-
tions encompass that of the traditional free radical
possessing one or more unpaired electron spins, such
as CF; and NF,; species in which the ground electronic
state is an electron-paired singlet but which are nev-
ertheless highly reactive, such as CF, and SiH,; and
atomic species such as F and Cl. By “photogenerated”,
I include any process that relies on a photolysis source
for free-radical production: this includes UV photo-
dissociation with broad-band sources or with excimer,
N,, or frequency-doubled argon ion lasers; or infrared
multiple-phonon dissociation (IRMPD), typically using
a high-intensity pulsed CO, laser. Finally, by
“electronic materials” I mean any substrate that is
commonly used in microelectronic device manufactur-
ing. This includes semiconductors, primarily silicon
(single crystal or polycrystalline) and gallium arsenide;
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insulators such as silicon oxide or silicon nitride; and
conducting metals used for interconnects, such as Al,
Ay, Cd, Cu, Mo, Ni, or W, and alloys of these species.
To this list could be added the copper oxide based su-
perconducting materials, for which a number of laser
processing techniques are currently under development,
but investigations of these systems are too recent to be
appropriate for a review, and there is no suggestion thus
far that free-radical chemistry plays a role in laser de-
position of high-T, superconductors.

The scope of this review is intentionally limited to
a discussion of the surface reaction chemistry of those
free-radical species that are important in the processing
of electronic materials. The emphasis is on the uses of
photoinitiation as a clean, well-characterized source of
specific free radicals, free of the complications (ions,
electrons, other reactive species) present in a plasma;
in this way, the surface chemistry of a specific free-
radical species may be unambiguously characterized.
Device and materials aspects have been extensively
reviewed elsewhere® and will not be discussed in detail
here. The basic mechanisms of laser etching and de-
position have been reviewed by Houle,® with numerous
examples (126 references). In addition, numerous re-
views have appeared that deal with the photolysis
processes themselves, such as IRMPD,”® so this topic
will not be covered in detail. In the body of this review,
the following topics will be specifically considered:
photogeneration of reactive species by infrared or UV
photolysis; experimental methods for coupling pho-
toinitiation and surface-analysis techniques; results for
specific systems; and a simple bond-energy model for
reactions taking place at the surfaces of silicon-con-
taining materials.

I1. Photogeneration of Reactive Species

In this section, we consider the various photolysis
techniques that have been used to produce the free-
radical species that have been most thoroughly inves-
tigated in the present context: fluorocarbons (CF; and
CF,), nitrogen fluorides, and silicon hydrides (SiH; and
SiH,). The surface reactions resulting from these
species will be discussed in section IV.

A. Trifluoromethyl

Since the CF; radical is one of the principal compo-
nents of fluorocarbon etching plasmas,!? studying the
reactions of this species with silicon surfaces is a matter
of great interest. As with most saturated carbon sys-
tems, the electronic absorption of CF3X (X = halogen,
hydrogen, or alkyl) lies in the deep ultraviolet. Washida
and co-workers!! photolyzed CF;H, CF,Br, and CF;5Cl
using various atomic resonance lines between 100 and
130 nm; Quick et al.!2 used VUV synchrotron radiation
to photolyze CF4Cl, CF4Br, and CF,I between 110 and
135 nm; and Dreyfus and Urbach!® used frequency-
tripled dye laser radiation to photolyze CF3Br at 121
nm. In all these cases, electronically excited CFg* was
observed as a product. CF;Br does possess a weak
absorption at the ArF excimer laser 193-nm wavelength,;
this has been utilized by Brewer et al.l* and Armacost
et al.!% in their studies of CF; interactions with GaAs
and polysilicon, respectively.

Decomposition of CFg-containing molecules by
IRMPD™ is a facile process, since the C-F bond is an

Steinfeld

effective “infrared chromophore”, resonantly tuned to
the output frequencies of the 9-um band of the CO,
laser. Suitable precursor molecules include CF,I,1617
CF3Br,"® and CF,CL!® CF, may also be produced by
IRMPD of hexafluoroacetone, with CO as a bypro-
duct.22! CF,l has been used as a CF; source by Sel-
amoglu et al. in their study of reactions at fused-silica
surfaces?? and by Robertson et al. in the continuation
of those studies;?** (CF3),CO was also used in the latter
work. CF;Br was used as the CFy source in the first
reported studies of photogenerated free-radical reac-
tions on silicon-containing surfaces.?

One possible difficulty with the foregoing CF, pre-
cursors is that potentially reactive byproducts, such as
halogen atoms or CO molecules, are produced in the
photolysis step. This difficulty is not encountered when
C,F¢ is used as a precursor. This species is efficiently
dissociated by the 9R(30) CO, laser line, at moderate
fluences (5-6 J ¢cm™2).262 C,F, was used as the CF,
soggce in the experiments of Roop et al.?® and Joyce et
al.

One possible complication arising from the use of
IRMPD to generate CF; radicals from CF3X is sec-
ondary dissociation of CF; to CFy + F. The production
of CF, from IRMPD of CF3Br was observed by
Wiirzberg et al.?! and attributed to secondary dissoci-
ation of CF;. However, Sudbo et al.32 observed no
“significant” secondary dissociation in the molecular
beam-IRMPD studies of CF3X (X = Cl, Br, I). Tho-
man® studied secondary dissociation yields in IRMPD
of CF4Br, CF;l, and C,Fy with laser-induced fluores-
cence (LIF) detection of CF, and compared the ob-
served signals to those obtained in the IRMPD of
CF,HCI. He concluded that at most a few percent of
the CFj radicals produced by IRMPD may undergo
secondary dissociation to CF, + F, and this can be
minimized by operating at a CO, laser fluence just
above the dissociation threshold.

B. Difluorocarbene

While CF, is readily produced by IRMPD of CF,H-
CI3 or CDF,,%% the resulting hydrogen halide bypro-
duct is likely to interfere seriously with ensuing reac-
tions on silicon-containing surfaces. UV photolysis has
been the more common route to this species. Photo-
dissociation of CFyBr, at 248 nm (KrF excimer laser)
yields CF,Br + Br;¥’ the former may undergo secondary
photolysis at this wavelength to yield CF, + Br. Ex-
cimer laser photolysis of CF,Br,, at 248 and 193 nm,*
was used by Brannon® in his study of photochemical
etching of silica glass. A two-photon mechanism is also
invoked by Loper and Tabat? in their use of KrF laser
photolysis of CFyCl, for etching silicon oxide.

A clean source of CF, with no reactive byproducts is
UV laser photolysis of CoF,. The quantum yield for
dissociation to 2CFj is 1.0 between 185 and 209 nm,4!
and production of CF, is efficient with the ArF excimer
laser at 193 nm.3 This source has been used by Langan
et al.*? in their study of CF, reactions with silicon and
silicon oxide surfaces.

C. Nitrogen Fluorides

NF; has been proposed as a plasma etchant,* since
it produces etch rates greater than those of halocarbon
plasmas, shows greater selectivity, and is claimed to
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leave only volatile species as byproducts, thereby elim-
inating etch-blocking deposition of polymer. The
parent NF; is reported*® not to etch either Si or SiO,.

NF; can be dissociated to NF, + F by either the ArF
excimer laser 193-nm line!5454¢ or (via IRMPD)*? by
CO, laser 10-um P-branch lines between 922 and 944
cm™l, Etching of silicon has been reported under these
conditions,1%4547 hut the reactions are most likely due
to the fluorine atoms liberated in the photolysis. N,oF,
can be readily dissociated into two NF, radicals by
expansion into a heated oven,® but N,F, is a hazardous
material and must be handled with extreme caution.*®

D. Sllicon Hydrides

Silyl (SiH;) and silylene (SiH,) radicals are implicated
in the chemical vapor deposition of silicon thin films.%
However, direct production of these radicals is not
straightforward. IRMPD of silane®! leads to SiH, + H,,
but the CO, laser lines are somewhat off-resonant from
silane absorption features,®? so that IRMPD must be
either collision-assisted or result from dielectric
breakdown at high pulse intensities. IRMPD of orga-
nosilanes®® does not lead to rupture of the C-Si bond,
but rather elimination of SiH,; this has been verified
by LIF detection of the resulting silylene.?*%- In fact,
the silylene has been shown®® to be a secondary disso-
ciation product arising from an RSiH (R = alkyl)
fragment, resulting from an initial H, elimination step.
It may also be noted that SiH, itself dissociates to Si
atoms and H, following electronic excitation to the A'B;
state.57’59’6°

Few direct routes to SiH; radical are reported in the
literature. Mercury sensitization is reported®! to initiate
Si~H bond breakage

Hg(®P,) + SiH, — Hg('Sy) + H+ SiH, (1)

and hydrogen atoms are said to be quantitatively con-
verted to silyl in low-power discharges in silane® by the
abstraction reaction

H + SiH, — H, + SiH, 2)

E. Photogenerated Atomic Free Radlcals

Photolytic generation of atomic free radicals is a
well-established technique in chemical kinetics, which
has been used to study surface reactions of atoms on
a number of occasions. The UV photolysis and IRMPD
of NF; produces F atoms in addition to the NF, radical
(section II.C), and these atoms may be primarily re-
sponsible for the ensuing surface chemistry. Carbonyl
difluoride may also be photolyzed at 193 nm (ArF ex-
cimer laser) to yield F atoms,**® and Br atoms gener-
ated by 193-nm photolysis of HBr have been found to
etch GaAs.® Molecular chlorine may be photolyzed at
a variety of wavelengths, including 248 (KrF excimer),
308 (XeCl excimer), 337 (N, laser), 423 and 532 nm
(frequency-doubled Nd:YAG), and 583 nm. The chlo-
rine atoms so generated are found to etch silicon and
copper surfaces.8% Rothschild and co-workers® have
also found that Cr, Mo, and W films are etched by Cl,
when exposed to 488-nm radiation from an argon ion
laser. In this case, as well as others in which longer
wavelength visible radiation is employed,$”% photo-
dissociation of Cl, adsorbed on the metallic surface
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must play an important role in the process.

Numerous instances of metallic film deposition fol-
lowing photodissociation of volatile metal-organic
compounds have been reported. Among the species so
deposited are the elemental species Al, Au, Cd, Cr, Cu,
Fe, In, Ir, Mn, Mo, Ni, Pt, Sn, Ti, W, and Zn and alloys
including AL, Ti,, GaAs, Hg; . TeCd,, and InP. A fairly
complete bibliography is given in ref 5. The UV-pho-
toassisted growth of II-VI compounds, such as
Hg,_,TeCd, has been reviewed in detail by Irvine.”%®
Since chemical vapor deposition is the subject of other
articles in this thematic issue, this topic will not be
extensively discussed here.

In most cases, the photodeposited materials have the
form of metallic films or stoichiometric alloys. This
would appear to suggest that the photolysis products
are primarily atomic metals and that partially disso-
ciated free-radical species are not implicated in the
deposition process. The actual situation is frequently
more complicated than this, since the primary photo-
lysis step, in many instances, is known to yield metal-
organic radicals. For example, the gas-phase photolysis
of Fe(CO); at 193 nm yields primarily the Fe(CO),
photofragment.” Analysis of metallic films produced
by photolysis of carbonyl precursors (Mo, W, and Cr;’™
Fe™e) shows the presence of carbon and oxygen incor-
porated in the films, which presumably results from
subsequent surface photolysis of adsorbed sub-
carbonyls.

I111. Experimental Methods

A number of methods have been used to interrogate
materials following exposure to photogenerated free
radicals. A good survey. may be found in ref 70f.

A. Dlagnostic Techniques
1. Etch Rate and Morphology

The overall rate of etching (removal of material from
the surface) or deposition may be determined in several
ways. If the etched or deposited features are produced
by a focused laser beam imaged on the surface, the
height of the feature may be determined directly by
scanning-stylus-probe profilometry,140:15:25:39638567 yging
a Dektak or equivalent instrument. This method fails,
however, if the features are too small or too deep. An
alternative approach for measuring film thickness is to
use an optical probe such as ellipsometry; if the film is
reasonably uniform, is not too thick, and is deposited
on a transparent substrate, transmittance of an optical
probe beam may be used to measure film thickness if
the optical constants of the deposited material are
known.5%71,72  Scanning electron microscopy is fre-
quently used in conjunction with film thickness mea-
surements in order to determine the topography of the
etched or deposited features;14P15:25,39,:400,53,64,65,69b t} o
morphology of the deposit may be accessible to trans-
mission electron microscopy.

Instead of profile measurements, the net etching or
deposition rate may be determined with a quartz crystal
microbalance.” The advantage of this technique is that
sample mass, and therefore rate of material deposition
or removal, may be monitored continuously throughout
the irradiation.4®% Such measurements are difficult
to carry out quantitatively, however, because of the
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vibrational and temperature sensitivity of the micro-
balance.

2. Surface Composition

The principal technique that has been used for de-
termining surface compositions following exposure to
free radicals is electron spectroscopy, including
XPS, 230424788 X _ray microprobe analysis, and scanning
Auger spectroscopy.’®8 XPS and/or Auger depth
profiling is a valuable adjunct to surface composition
measurements, and secondary-ion mass spectrometry
(SIMS) is often of use as well. Such measurements are
particularly valuable for elucidating the details of the
reaction chemistry occurring between the free radical
and the surface. While numerous techniques have been
developed for optical spectroscopy of surfaces and thin
films, such as surface-enhanced Raman spectrosco-
py, " attenuated total reflection,” and photoacous-
tic”"" or photothermal spectroscopy, these techniques
do not yet appear to have been extensively applied to
the study of free radical-surface reactions. The use of
such optical techniques should play an increasingly
important role in the future.

3. Gas-Phase Composition

The rate of gas-surface reactions may be inferred by
measuring the effect of introduced substrate materials
on radical concentrations in the gas phase above the
surface. This may be done by using either mass spec-
trometry or optical measurements. The former ap-
proach includes techniques such as very-low-pressure
photolysis (VLP®), which has been used to study CF,
reactions on various materials.2>2¢ As shown in the
following section, however, such measurements require
careful interpretation. Time-of-flight mass spectrom-
etry may be used to monitor products of gas-surface
reactions following pulsed laser excitation.®6:68b

Various types of optical spectroscopy may be appli-
cable to monitoring species participating in gas—surface
reactions. LIF has been used to measure CF, concen-
tration profiles above a silicon surface,®! thereby de-
termining surface reaction probabilities for this species.
Coherent anti-Stokes Raman spectroscopy (CARS) has
been used for profiling silane and germane in radio-
frequency discharge plasmas.®?* Resonance-enhanced
multiphoton ionization (REMPI) has been used to de-
tect both the I and Br atoms*? and the CF; radicals®
formed in the IRMPD of CFsl or CF4Br.

B. Considerations in Coupling Photoreaction
Chamber to Analysis Chamber

In order to obtain meaningful measurements of sur-
face compositions following dosing with a flux of free
radicals, it is essential that the measurements be per-
formed in situ, so that there is no exposure of the ma-
terial to air or other contaminants between the dosing
and the analysis. This requires that the sample be
transferred to an ultra-high-vacuum (UHV) analysis
chamber immediately following dosing without breaking
vacuum integrity. This imposes several constraints on
apparatus design, since the conditions required for
free-radical generation may not be compatible with
UHV requirements. A lengthy exposure to moderately
high pressures (milliTorr to several Torr) of radical
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Figure 1. Plan and elevation of two-stage vacuum chamber for
surface analysis of materials following free radical reaction (from
ref 84). All photolysis and dosing are done in the upper chamber.
The lower (UHV) chamber includes a LEED/Auger instrument
and ion gun for sputter-cleaning and subsequent examination of
the sample; below this is a He resonance lamp, Mg Ka X-ray
source, and electron energy analyzer for photoelectron spec-
troscopy. A Balzers Model 311 quadrupole mass spectrometer
is also located in this plane for use in thermal desorption studies.
W, and W, are optical ports for the laser beams, and W is a view
port for observing the LEED pattern. S denotes the position of
the sample for XPS or TDS measurements; S’ denotes the sample
position during dosing, using parallel irradiation geometry (see
section IIL.C).

precursors is often required, and these precursors may
be sufficiently reactive or corrosive that their intro-
duction into a UHV chamber containing sensitive com-
ponents such as electron multipliers would be highly
undesirable. In addition, optical ports must be provided
for admitting the laser beams used to photolyze the
precursors, and the window materials are frequently
incompatible with UHV requirements, particularly
anti-reflection-coated zinc selenide required for trans-
mitting 10-um CO, laser radiation.

There are two generic approaches to solving this
problem. The one we have taken, as illustrated in
Figure 1, involves a separate reaction chamber mounted
above the UHV analysis chamber. The sample is
transported between the two chambers by a long Z-
stroke manipulator incorporating a two-stage differen-
tially pumped rotary seal adapted from the design of
Auerbach et al.# Differentially pumped windows
(AR-coated ZnSe for infrared lasers, UV-S grade quartz
for excimer lasers) are mounted on the upper reaction
chamber. With this apparatus, a sample can be cycled
repeatedly between the reaction and analysis chambers
to monitor the progress of the surface reactions.®

An alternative approach makes use of a vacuum
transporter to move the sample between the irradiation
and analysis chambers. An advantage of this design is
that, with suitable high-vacuum valves, it is possible to
transfer the exposed sample to specialized analysis fa-
cilities which may be physically remote from the laser
irradiation equipment; a drawback is that it is not very
convenient to carry out repeated analyses during the
course of a reaction. Designs of this type have been
described by Helms et al.% and by Ninomiya et al.®

C. Models for Photolnitiated Surface Reactions

A complete description of the photogeneration and
ensuing surface reactions of free radicals involves a large
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TABLE I. Summary of Fluorocarbon Reactions on Silicon and Silicon Oxide

Xer CFa Can
substrate (F simulant) (CoFs IRMPD) (C,F, photolysis)
Si(100) 2x1  amorphous Si:F reactive overlayer undergoes dissocative chemisorption undergoes partial dissociative

Si(111) 7x7 (ref 29, 30)

thermal Si0, chemisorption requires lattice damage does not dissociate on damaged or
by ion bombardment (ref 92) undamaged surface (ref 30)

formed at high exposures (ref 91) chemisorption (ref 42)

adsorbs but does not dissociate on
damaged or undamaged surface (ref 42)

¢Reaction probabilities measured over Si(100) by LIF profiling.®!

number of processes, including photodissociation of
precursor molecules, both in the gas phase and at the
surface; transport of free radicals and of undissociated
precursor species, by both molecular flow and diffusion;
surface reactions including chemisorption, polymeriza-
tion, and product desorption; and gas-phase radical
reactions, such as recombination. Several approaches
have been made to obtain approximate analytic solu-
tions for such systems, 728788~ which are in reasonable
agreement with experimental measurements.

A basic distinction should be made between experi-
ments in which the laser beam is directed perpendicular
to and strikes the surface and those in which the beam
is directed parallel to and a short distance (a few mil-
limeters) above the surface. In the former case, pho-
todissociation may occur both in the gas-phase column
defined by the beam path between the entrance window
and the surface and in the adsorbed layer of precursor
molecules on the surface. Several authors®’#% have
shown that the absorption and photofragmentation
spectra of molecules can be greatly altered in going from
the gas phase to an adsorbed phase; frequently, ad-
sorbed molecules can be dissociated at much longer
wavelengths than they can be when in the gas phase.
Local heating of the surface at the point of intersection
with the laser beam can also play a significant role in
the process.5888

The situation is considerably simplified if the laser
beam is parallel to and does not interact with the sur-
face.223042 In this case, photodissociation occurs solely
in the gas phase, and the surface can be maintained at
an independently controlled temperature. This con-
figuration is, in fact, essential when using IRMPD to
generate free radicals, since a single pulse from a
high-intensity CO, laser is sufficient to induce cata-
strophic damage to most substrates.?®® Suzuki®»® has
found an analytic solution for free-radical concentration
profiles in the gas phase above a surface, assuming a
constant rate of radical production and diffusion-con-
trolled transport to the surface. The expression is

filz) = — = %(a,/A,)z +1 (3)

where 7 is the density of radicals at a distance z from
the surface, normalized to the density at z = 0, A, is the
mean free path of radicals in the gas, and «, is the
effective removal probability (reactive accommodation
coefficient) of the radicals at the surface. The linear
dependence of 7(z) on z predicted by eq 3 has been
verified experimentally®! for CF, radicals over various
substrates (1 < z < 10 mm), and values of o, could be
obtained from the slope of the linear portion of the 7i(z)
curve. Solutions with a time-dependent radical source,
such as pulsed laser photolysis, are more complex.®
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Figure 2. F(1s) core-level spectra from XPS of various silicon
and silicon oxide surfaces following adsorption of CF; produced
by IRMPD of 40 mTorr C,Fg with 72000 pulses of the CO, 9R(30)
laser line at 250 mJ/pulse. From bottom to top: with exposure
to C,Fg, but no laser irradiation; CF;3 on annealed thermally grown
silicon oxide; on silicon oxide surface with argon ion presputtering;
on Si(100) surface (adapted from ref 30).

1V. Results for Specific Systems

A. Fluorocarbon Radicals on Silicon and Sllicon
Oxlde

The most thoroughly studied set of reactions included
in this review is that of CF4 and CF, with silicon and
silicon oxide surfaces. The results for these systems,
along with base-line studies of XeF, on the same sub-
strates®'292 gre summarized in Table I. In these ex-
periments, F(1s) and C(1s) XPS measurements provide
most of the quantitative information. Figure 2 shows
the F(1s) XP spectra obtained after dosing Si and SiO,
surfaces with CF, derived from IRMPD of C,F,. The
fluorine coverage on silicon is proportional to CF; dose
and shows a slow increase at high exposures due to
formation of a fluorinated silicon overlayer.212 Much
less fluorine uptake occurs on silicon oxide surfaces,
unless the surface is damaged prior to exposure by ar-
gon ion sputtering.?® This behavior exactly parallels
that found for XeF, on silicon oxide surfaces.?? It
should be noted that C,Fy is essentially unreactive with
silicon or silicon oxide surfaces, so that the reaction of
the CFy radical can be readily observed.

From the C(1s) XP spectra shown in Figure 3, we can
see that the carbon resulting from CF; exposure is
bound to the silicon surface in carbidic form, with a
nominal core-level energy of 283 eV. This implies that
some or all of the fluorines have spontaneously trans-
ferred from carbon to silicon atoms. At higher CF;
doses,® or when the surface has been contaminated by
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Figure 3. C(1s) core-level spectra from XPS of various silicon
and silicon oxide surfaces following adsorption of fluorocarbon.
From bottom to top: CFj on Si(100) with 72000 CO, laser pulses
in 40 mTorr CyFg; on Si(100) with 72000 laser pulses in 400 mTorr
C,Fg; on presputtered SiO, with 72000 laser pulses in 400 mTorr
C,Fg; annealed SiQ, following exposure to CF, from 193-nm ir-
radiation in 40 mTorr C,F,. The C(1s) peak near 283 eV is
characteristic of carbidic (nonfluorinated) carbon, while the peaks
near 291 and 294 eV arise from difluorinated and trifluorinated
carbon, respectively (adapted from ref 30 and 42).

adventitious hydrocarbons,” the C(1s) intensity at 294
eV grows in, indicating that CF; is being adsorbed
without undergoing dissociation or fluorine atom
transfer. On a silicon oxide surface, only the 294-eV
peak appears, indicating that CFy is bound to the oxide
surface as an undissociated fragment.?® Preliminary
experiments® on the interaction of CF; with silicon
nitride indicate that the nitride behaves similarly to the
oxide. CF, (from UV photolysis of C,F,) binds to silicon
oxide more readily than does CF3, and the position of
the C(1s) peak shown in Figure 3 indicates that fluorine
transfer from carbon to silicon is not taking place.*> On
silicon surfaces, the C(1s) XP spectra are more complex,
indicating that partially dissociative chemisorption of
CF, is occurring. There is also a background reaction
that occurs when silicon surfaces are exposed to C,F,
in a metal vacuum system, which complicates the in-
terpretation.

The reaction of CF3, derived from IRMPD of CFyl,
with silicon and silicon oxide surfaces has also been
studied by using the VLP® technique. Initial obser-
vations?? that appeared to indicate reaction of CF; with
the oxide surface were later reinterpreted® as resulting
from reactions with stainless steel components in the
apparatus. This illustrates poignantly the need for
careful surface characterization in such measurements.
In subsequent experiments,?*® the reaction of CF3, de-
rived from IRMPD of either CF;]I or hexafluoroacetone,
with silicon wafers was examined. The reaction prob-
ability ¢, as determined from the ratio of SiF, product
flux to CFy radical density, was determined to be be-
tween 107 and 107 at substrate temperatures of
560-745 K. This is comparable with the value for
molecular (not atomic) fluorine at somewhat lower
temperatures.®* Inhibition by adsorbed carbon was also
noted, in agreement with the findings of Roop et al.?®

Among other investigations of CFs~semiconductor
interactions, we may note those of McFeely et al., who
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investigated the spontaneous reaction of (CF3),N, with
silicon and silicon oxide surfaces. The reaction with
silicon leads to a complex set of products, including
nitrogen incorporation at the surface. The results do
show, however, that transfer of fluorine atoms from
carbon to silicon proceeds without a significant acti-
vation barrier and that carbon contamination passivates
the surface to further reaction, in agreement with the
previous studies. In the case of SiO,, lengthy UV ex-
posure and enormous (CF3);N; doses were required to
obtain observable uptake of carbon or fluorine on the
surface. Etching of GaAs by UV-photolyzed CF4Br has
been reported,!* but the surface compositions were not
characterized in detail. The structure of CF; on GaAs,
following exposure to a CF, plasma, has been studied
by RHEED and photoelectron spectroscopy.%

As.noted above, photogenerated CF, binds to silicon
and silicon oxide surfaces but does not undergo disso-
ciation on the oxide.*? This is in apparent disagreement
with the results of Brannon® and Loper and Tabat,*
who reported “efficient” etching of oxide surfaces ex-
posed to excimer laser radiation in the presence of CFy
sources such as CF,Bry, CFy,Cly, or CoF,. It must be
remembered, though, that in the etching experiments
the surface is directly irradiated by high-intensity UV
light, which could lead to processes such as photon-
stimulated desorption, thermal and/or electronic ex-
citation of the surface, or release of fluorine atoms by
“surface-catalyzed” secondary photodissociation. The
measurements of Thoman et al.®! on CFy-surface re-
action probability, using LIF profiling, should also be
mentioned in this context. Surface loss probabilities
(o) between 0.01 and 0.03 were found over Si(100), and
about a factor of 3 less over the oxide. In view of the
value of ¢, for CF; on Si determined with VLP®% and
the comparable uptake of CF, and CF; suggested by
Figure 2, it must be concluded that the principal loss
mechanism in the LIF profiling experiments is polym-
erization of CF; on the surface. What is interesting
about these results is that «, for the vibrationally ex-
cited vy = 1 state of CF, is 50-70% larger than that for
the vibrational ground state. Several authors™% have
suggested that vibrational excitation may contribute to
surface reactivity, but little direct evidence for this has
been available.

B. Nitrogen Fluorides on Sllicon

Etching of silicon in NF; may be induced either by
UV irradiation perpendicular to the surface!®* or in-
frared irradiation parallel to the surface.*” The etching
appears to be due primarily to the fluorine atom re-
leased in the NF, photolysis. While silicon is reported*
not to be etched by NF3, recent experiments in our
laboratory®® indicate that the NFs-silicon surface re-
action does occur. When a Si(100) surface is exposed
to NF,, the F(1s) XPS peak intensity shows an initial
rapid increase; at higher NF; doses, the F(1s) intensity
remains effectively constant. The F(1s) binding energy
occurs at 687.2 eV, and shifts to slightly higher values
at higher exposures to NF;. This is indicative of dis-
sociative chemisorption of NF; on Si(100) surfaces with
buildup of a fluorinated silicon overlayer. The apparent
saturation of coverage accounts for the lack of sponta-
neous etching* of silicon by NF;, despite the facile
surface reaction. The presence of an oxide layer on the
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surface, either thermally deposited or “native oxide”,
is sufficient to prevent the adsorption of NF;. A small
amount of nitrogen appears to be incorporated into the
silicon following NF; exposure, but the extent of ni-
trogen incorporation varies with surface treatment.
Nitrogen incorporation has been observed in silicon
irradiated in the presence of NF;~H, mixtures.*® The
reactions of silicon-containing surfaces with the NF,
radical fragment have not yet been characterized.

C. Surface Reactions of Sllicon Hydrides

Amorphous silicon thin films may be produced by
photolysis of silane or organosilane,® mercury-
photosensitized decomposition of silane,®! plasma dis-
charge CVD,2 or thermally initiated CVD.% The SiH,
radical is the principal silicon carrier to the surface in
the photochemical processes® and in CVD processes
initiated by homogeneous pyrolysis of silane,* viz.

SiH,(g) — SiHx(g) + Hy(g) 4)

The reactive loss coefficient for SiH; on hydrogenated
silicon-carbon surfaces has been measured as o, = 0.1
by the VLP® technique®® with IRMPD of n-butylsilane
as the SiH, source. A value of o, > 0.5 is determined
for vibrationally hot SiH,, paralleling the higher re-
activity found® for CF, in the v, = 1 state.

Even though the surface reactivity of SiH, has been
reasonably well determined, there is some question as
to whether this species plays a major role in the de-
position kinetics. On the basis of modeling calculations,
Gallagher®? has concluded that 98% of neutral radical
deposition in silane discharges results from SiH; radical
deposition, although Perrin and Broekhuizen®! find that
260% of adsorbed SiHj radicals recombine on the
surface, rather than being incorporated into the film.
In a recent publication,?® Scott et al. have questioned
the radical mechanism and suggest that reaction of
molecular SiH, and higher silanes at heated surfaces
may account for much of the silicon deposition. There
is an extensive literature on the deposition of amor-
phous silicon films, which has been the subject of pre-
vious reviews.%

D. Reactions of Atomic Free Radicals

Silicon and metallic surfaces are efficiently etched by
halogen atoms generated by photolysis of suitable
precursors. Systems that have been investigated in-
clude F/Si 538 F /Mo %64 F/Ti,% Cl/S;,%6676% C]/Cr,5%
Cl/Cu,%88 Cl/Al, Cl/Ag, and Cl/Fe® Cl/Mo,58a:69
Cl/W %88 and Br/GaAs.®® Cl atoms are found not to
etch gold films.%% When surface analysis is carried
out,® halogen incorporation is generally observed.

V. Discussion

A. A Bond Energy Model for Sllicon Surface
Reactlons

A “zeroth-order” model based on the relative
strengths of C-F, Si-F, Si~C, and Si~O bonds appears
to be able to account for the observed behavior of CF,
and CF; species on silicon and silicon oxide surfaces,
as found in the experiments discussed in section IV.A.
This model is based on a suggestion put forward by
Joyce* and was used in a simple form by Oostra et al.1%®
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TABLE II. Single-Bond Energies (kJ mol™) Used in
Surface Reaction Model

bond energy notes
Si-0 430 a
Si-F 550 b—d
Si-Si 180,9< 330°

C-F 460 ¢, d
Si-C 300 f,d
Xe-F 17 ¢
O-F 200 g
C-0 270 c
C=0 530 ¢
N-F 340, 270¢

Si-N 439 ¢

*From value of 4.5 eV.1® ®From value of 5.6 eV.1® ‘From ref
101. 4From ref 102. ¢From value of 1.9 eV.1® fAverage of C-C
and Si-Si single-bond energies; from ref 101. #Average of values
from ref 101 and 102.

to explain their results on reactions of Ar*-sputtered
Si and SiO, in the presence of XeF, and Cl,. The sin-
gle-bond energies used in this model are given in Table
II.  While the bond energy values in the table are
somewhat arbitrary, they are consistent with values in
standard tables!®! and reference works.!? In such a
model, of course, neither lattice energies nor possible
barriers to the surface reaction are considered. The
likelihood of a specific surface reaction is determined
from the same premise as that typically employed in
gas-phase kinetics: an exothermic process may proceed,
if the activation barrier is not too high, while an exo-
thermic process is not likely to do so.

1. Xenon Difluoride on Silicon and Silicon Oxide

Xenon difluoride reacts spontaneously with silicon
surfaces; at high exposures, an amorphous fluorosilyl
overlayer is formed.’’2 The reaction is highly exo-
thermic, and thus highly favored: for each fluorine
atom (or silicon site), one Xe-F bond is broken (+17
kJ mol™) and one Si~F bond is formed (-550 kJ mol™),
so the overall process is net 530 kJ mol™! exothermic.
Further reaction with bulk silicon is also favorable:
whichever value for the bulk Si-Si bond energy one
chooses from Table II, the formation of one Si~F bond
at the expense of one Si—Si bond will be exothermic,
and thus migration of fluorine into the silicon lattice
proceeds spontaneously.

XeF, does not fluorinate a silicon oxide surface unless
the surface has previously been damaged, e.g., by argon
ion sputtering.? A possible reaction path is the fol-
lowing:

Fxef + 7 >Si/\>8i/\\ —_—
|
o) F O o)
/ N\ i/ N 7\
N AN

This process would require breaking two Xe~F bonds
(at 17 kJ mol™) and one Si—O bond (430 kJ mol™Y), while
forming one Si~F bond (550 kJ mol™!) and one O-F
bond (200 kJ mol™?). The net enthalpy change is -286
kJ mol™, and so process (5) appears to be an exothermic
reaction that should proceed spontaneously. The ob-
servation® that it does not do so implies that there must
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be a substantial barrier to the reaction; the corre-
sponding lack of reactivity of other valence-saturated
species, such as CF, on Si, suggests that a barrier is
present in these systems as well. The effect of surface
damage (e.g., ion bombardment) in promoting the re-
action would then be to reduce the barrier to chemi-
sorption by creating new binding sites; in this case,
silicon suboxides are likely to be the predominant active
sites.

2. Trifluoromethyl on Silicon

CF; radicals bind readily to the “dangling bonds” at
the silicon surface,” with an exothermicity of ~300 kJ
mol™! arising from formation of a new C-Si bond.
Subsequent transfer of fluorine atoms from the CFy
group to neighboring Si surface sites is also favored

F F
F\C[/F F\CIQ ‘

| v o | | ®
AN 1N 1IN /N

since the formation of a Si—F bond (550 kJ mol™) at the
expense of a C-F bond (460 kJ mol™?) is -90 kJ mol™!
exothermic. As electronegative fluorine atoms are re-
moved from the carbon adatom, the C-F bond strength
may increase,'®® so that removal of the last fluorine
atom becomes less favorable; XPS analyses of CF;-
dosed silicon surfaces indicated?® that some of the
chemisorbed fluorocarbon was present in the form of
CF.

It was also found?® that adventitious carbon, while not
inhibiting the adsorption of CF,, did block the fluorine
atom transfer reaction (6). This can be understood by
noting that rupturing a preexisting Si~C bond requires
an additional 300 kJ mol™}, which converts the process
from —90 kJ mol! exothermic to +210 kJ mol™! endo-
thermic.

3. Trifluoromethyl on Silicon Oxide

The sticking probability of CF3 on an annealed oxide
surface is considerably less than on a silicon surface,?
since adsorption of CF3; would require breaking a Si-O
bond (+430 kJ mol™) while gaining only —300 kJ mol™!
from the newly formed Si~C bond:

@ o)

e
4 \ s \S/ \ / \ -

AN\ /\ AN

As is the case with XeFy chemisorption, weakening or
breaking one of the Si-O bonds by ion bombardment
can convert this net endothermic process to a net exo-
thermic one. Even if the CF; is chemisorbed, little or
no carbon-to-silicon transfer of fluorine atoms takes
place on oxide surfaces.?® A process such as

O
/\ /CFs o\Si/o\ /\Si/CFg o F o
/\/\ — /\s-/\s'-./\
/AN N
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would be net exothermic (a Si~F bond and a Si—O bond
are made at the expense of a Si-Si bond and a C-F
bond), but evidently the lattice rearrangement that
would be required to accommodate reaction 8 is suffi-
ciently great to prevent its occurrence. No simple
exothermic F-transfer processes are apparent in which
the silicon lattice is undisturbed.

4. Difluorocarbene on Silicon and Silicon Oxide

As with CF, the difluorocarbene radical binds readily
to dangling bonds on a silicon surface (-300 kJ mol™
exothermic) and transfers fluorine to neighboring silicon
sites (-90 kJ mol™ exothermic). It was found*? that CF,
binds much more readily to an annealed oxide surface
than does CF,. This can result from an insertion re-
action

\ O
/

N
o o
:CF2+/ \ /

/

Ny
\/\ /\/ /N
/NN

/AN

)

in which a new Si~C bond (~300 kJ mol!) and a new
C-0 bond (270 kJ mol™) are produced, compensating
for the energy required (+430 kJ mol™?) in the Si-O
bond-breaking step. Fluorine atom transfer to silicon
sites still does not occur on an oxide surface; the least
unfavorable path, in which C-F and Si-O bonds are
broken, an Si~F bond is made, and a C-O bond acquires
some double-bond character

\
(o} [o) Q F
7 N7\ \W4
NGNS NN
N NN
/ \ /SI\

(10)

would still be approximately +80 kJ mol™ endothermic.
Suggestions that silicon oxide may be directly etched
by CF, by removing oxygen and leaving Si “dangling
bonds” on the surface, i.e.

. /N’ No” L
:CFy + /Sl\Si/Sl\ —_—
7N
o} . 0
AR UEN L o
/Sl\

are also incompatible with this model: reaction 11
would be endothermic by more than 300 kJ mol™.

5. Discussion of Bond Energy Model

Our preliminary results® for NF; on silicon and sil-
icon oxide surfaces are consistent with this proposed
model. For chemisorption on the silicon surface, bonds
would have to be broken, and Si~N bond formation is
exothermic; the nitrogen in this case would possess more
than the typical octet of valence electrons, but due to
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its electronegativity and that of fluorine, this may not
be unlikely. After chemisorption, the process of fluorine
transfer is exothermic (-480 to —650 kJ mol™!) and seems
to go to completion, simultaneously fluorinating and
partially nitriding the surface. Even a few monolayers
of oxide are sufficient to block the adsorption of NFj,
since the corresponding process becomes significantly
endothermic if Si~O bonds have to be broken.

While such bond energy considerations are successful
in explaining a number of results, including the relative
reactivity of silicon surfaces to XeF, and to Cl,!® this
model clearly does not account for all the observed
phenomena. The thermochemical model does not take
account of energy changes associated with lattice re-
arrangement or surface reconstruction!® nor of possible
barriers to chemisorption.!?® The importance of barriers
is clearly demonstrated by the lack of reactivity of va-
lence-saturated molecular species on surfaces at which
the net reaction would appear to be exothermic: F, on
Si,1%6 XeF, on Si0,,% and undissociated fluorocarbons
such as CF, on Si are examples. An activation energy
of approximately 80 kJ mol™ was inferred from Suzuki’s
measurements of Si etch rate with a hot SFg beam,!0
again suggesting a barrier to dissociative chemisorption
in this system. In the case of NF3, the initial chemi-
sorption step is so exothermic (-650 kJ mol™!) that the
barrier, if present, can be overcome at room tempera-
ture; reaction on the oxide, however, would be endo-
thermic and is predicted not to occur. Further devel-
opment of this model will need to consider both lattice
rearrangement and surface reconstruction energies as
well as energy barriers along the reaction path. At the
current level of ab initio theory, such calculations for
realistic surface models are now becoming possible.

B. Comparison with Plasma-Etching Models

One of the objectives of the investigations reviewed
in this article has been to clarify the role of neutral free
radicals in plasma reactive etching. The results that
have been obtained validate many of the conclusions
reached by Coburn et al.!% in their important early
work on etching in fluorocarbon plasmas. They found
that at low coverage, all the surface fluorine is bonded
to silicon, and at higher coverage C-F bonds are ob-
served on the surface. These results suggest that ini-
tially, CF, dissociatively chemisorbs on Si but dissoci-
ation is inhibited when surface binding sites are occu-
pied. This is seen to be a reaction characteristic of the
neutral CF; radical itself. They found that carbon ac-
cumulates on a silicon but not a silicon oxide surface,
showing that CF; does not readily chemisorb on the
oxide. Their suggestion that production of surface
damage by ion bombardment facilitates reaction of
neutral free radicals on the surface is certainly true for
the oxide. However, the photochemical studies show
that the selectivity for etching oxide vs silicon in
“CFy-rich” plasmas cannot be attributed simply to
higher reactivity of silicon oxide with CF,. The sug-
gestions that CF, may participate in the etching of
silicon oxide by removing oxygen and leaving Si
“dangling bonds” on the surface are not borne out by
either the experimental results of ref 42 or the analysis
presented in the preceding section. The identity of the
species responsible for etching silicon oxide remains an
open question.
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C. Potentlal Applications for Laser-Inltlated
Free-Radical Chemistry at Surfaces

While the principal thrust of the work described in
this review has been to achieve a better understanding
of the surface chemistry occurring between free radicals
and electronic materials, such as silicon, there are also
a number of potential applications based on laser-ini-
tiation techniques that can be envisioned. A number
of these, such as direct writing of conducting and in-
sulating components in electronic microcircuits, have
been covered in reviews by Batierle® and Houle.® Here,
we mention some recent additional developments.
These include epitaxial growth of Ge films on GaAs by
LCVD from germane vapor photolyzed by an ArF la-
serl® and fabrication of superlattice structures con-
taining silicon, germanium, and silicon nitride by 193-
nm photolysis of disilane~-germane-ammonia mix-
tures.!® Recent surveys!?®®? have concluded that
beam-controlled processing techniques, including pho-
ton-driven methods, have been the key to current
achievements in microcircuit integration and density
and are likely to lead to new fabrication advances in the
future.

In addition to electronic devices, laser microfabrica-
tion of optical elements, such as silicon nitride and
silicon oxide “microlenses”, have been reported.!!®
“Diamond-like” carbon films have eventual applications
in a number of technologies, including electronics and
optics.!!! Formation of such films by excimer laser
photolysis of C,H,~H, mixtures has been reported,!?
and it has been shown!!®!M that ArF excimer laser
photolysis of acetylene involves free radicals such as
C,(1I), CH, and C,H. Laser-initiated processes also can
be useful as diagnostics for surface processes, such as
measurement of surface diffusion by localized surface
photochemistry.11%

Finally, we should mention the possibility of laser-
processing techniques for fabrication of high-T, su-
perconducting materials.!'® 'While production of copper
oxide superconductors by CVD from the 3-diketonates
has only recently been reported,!’ the use of lasers for
this process has thus far been limited to ablative
transfer of the material from a prepared solid substrate
to a thin film, using either excimer!'#'2! or CO,'2 lasers,
or to laser patterning of metal neodecanoates layered
on SrTiO; substrate.!?® Direct LCVD production of
superconducting thin films, in which free-radical reac-
tions may play a role, is a clear possibility.

D. Concluslons

The use of laser-initiation methods has enabled us
to obtain detailed information on free-radical reactions
at surfaces, particularly those of semiconductors and
other electronic materials. In addition to providing a
better understanding of the chemical reactions involved
in processes such as reactive etching and vapor depo-
sition, the laser techniques may be directly applicable
to advanced fabrication methods. As more complex
processing methods are developed, particularly involv-
ing mixtures of reactive gas-phase species, a full un-
derstanding of the free-radical reactions and surface
chemistry will be required in order to optimize such
processes and develop new ones.
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