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A reconstructed GaAs(001)-2 X4 surface, prepared in situ by molecular-beam epitaxy, has been
exposed to a CF, plasma and subsequently studied by reflection high-energy electron diffraction,
valence-band photoemission, and core-level photoemission. The exposed surface is crystalline with a
1X1 structure. Valence-band spectra show five plasma-induced peaks in the energy range —16 to
—5 eV below the valence-band maximum. The spectra resemble those for gas-phase CF, but are
shifted 4 eV upwards in energy. The line shape of the core levels, especially the As(3d) level, has
also been modified. We propose that the plasma exposure leads to a bonding of CF; radicals on As
surface atoms, and results of a Hartree-Fock self-consistent-field calculation for a simple model of
this chemisorption system are presented. It is found that the radicals can bond to the surface
without significant changes in their internal electronic structure and the calculated and experimental
energy positions agree well for all orbitals, except the highest-lying bonding orbital derived from the
empty carbon sp, orbital and the As dangling-bond orbital. An analysis of the core-level data indi-
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cates strong electronic charge transfer from the substrate to the chemisorbed radical.

I. INTRODUCTION

The chemisorption and reaction of gas-phase species
(atoms, molecules, ions, radicals) with semiconductor sur-
faces are not only of fundamental interest, but also of
technological importance. For GaAs the adsorption of
oxygen has been widely studied (see Ref. 1 and references
therein) with the interest being at least partly related to
problems in passivating the surface using oxidation.2—3
Uses of other gases in the oxidation processes have also
been attempted and the combination of oxygen and CF, in
plasma exposures has been reported to have beneficial ef-
fects on the interface state density.®’ Recently, chem-
isorption of hydrogen on GaAs has attracted some atten-
tion®~!7 mainly for two reasons. This system can be con-
sidered as a chemisorption model system, and the presence
of hydrogen during molecular-beam epitaxy (MBE) might
influence the growth.

The experimental investigations of the interaction of
hydrogen or oxygen with the surface have largely been
carried out by means of surface sensitive electron spec-
troscopies, exposing the semiconductor surface to the
gas-phase species in the UHV chamber which also con-
tains the electron spectrometer. Obviously, such arrange-
ments are only of use for chemisorption of relatively
“harmless” species like oxygen, hydrogen, or nitrogen
which do not damage the analyzing system. These limita-
tions can be avoided if a dedicated chemisorption-reaction
chamber is linked to the main experimental chamber by a
UHY sample transfer system. This approach was used in
studies of the interaction of hydrogen and nitrogen plas-
mas with GaAs surfaces'®~2° and it was also used in the
present investigation of the interaction of a CF, plasma
with GaAs(001).

The fluoromethane compounds CF, and CF;H and
similarly chlorinated methanes are widely used in dry
etching of semiconductors.>?!~2® The gas-phase species
are excited in a plasma to form ions and radicals which
then interact with the surface. A precursor state of etch-
ing can be chemisorption of the species provided by the
plasma on the surface, and studies of the type and posi-
tion of the chemisorbed species and their energy levels
might not only lead to a better insight into dry etching,
but would also be of considerable interest from a funda-
mental point of view. The fluorinated methanes in the
gas phase have been studied both experimentally and
theoretically and their electronic structures are well under-
stood.?’=32 This is a useful basis for the interpretation of
spectra of the chemisorbed species originating from a CF,
plasma. In the unexcited gas phase this fluoromethane is
very inert. In a plasma the CF, gas can be converted to
contain radicals, e.g.,, CF;, CF;*, and F*t ions?!?2%26
which are strongly reactive and interact with the semicon-
ductor surface.

We have investigated the effects of exposing a clean,
reconstructed GaAs(001) surface to a CF, plasma using
angle-resolved photoemission (ARPES), core-level photo-
emission, and reflection high-energy electron diffraction
(RHEED). The 24 GaAs(001) surface, grown in situ by
molecular-beam epitaxy (MBE), is close to being
stoichiometric As-terminated.’»** The present results
show strong evidence for chemisorption of CF; radicals to
As dangling bonds with a large electronic charge transfer
from the dangling bond towards the radical. A self-
consistent calculation of a pseudomolecule CF;H* shows
excellent agreement with the experiments.

In this paper the experimental technique and the experi-
mental results will be described in Secs. II and III, respec-
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tively. In Sec. IV we present the model and results of the
self-consistent calculation and the comparison with the
experiments. Finally, Sec. V deals with other aspects than
those treated by the calculation.

II. EXPERIMENTAL DETAILS

The experiments were carried out in a UHV system
consisting of a main chamber and a plasma chamber,
linked together by a UHV substrate transfer system. In
the main chamber there are provisions for in situ growth
of GaAs by MBE, and for characterization by RHEED
and ARPES.% The chamber is connected to a beamline
of the ACO storage ring [at Laboratoire pour I'Utilization
du Rayonnement Electromagnétique (LURE) Orsay], al-
lowing both photoemission studies of the valence bands
and measurements of the Ga(3d) and As(3d) core levels.
The plasma source is a hot cathode discharge combined
with multipole magnetic confinement of the electrons.
Because of the low voltages used a quiescent plasma free
of very energetic particles is created. The plasma-surface
interactions are therefore mainly of chemical nature while
mechanical effects due to ion bombardment are mini-
mized (the plasma is a few volts negatively biased with
respect to the substrate potential). The system has previ-
ously been used in the present configuration in the studies
reported in Refs. 18—20 where details about the plasma
chamber and exposure procedures have been described.

On the GaAs(001) substrate a fresh GaAs layer was
first grown under As-stable conditions (7,;,~830 K,
Ga:As; fluxes ~1:3), corresponding to a 24 structure.
RHEED and photoemission studies were carried out to
ensure that the layer and surface grown were of high qual-
ity. The substrate was then transferred to the plasma
chamber and exposed in a CF, plasma under the follow-
ing conditions: CF, pressure ~6x10~* torr, filament
bias —60 V, discharge current 14 mA, exposure time 5
sec. From Langmuir probe characteristics for oxygen and
oxygen+ CF, plasmas we estimate the density of the plas-
ma under these conditions to be in the range 108—10°
cm~3. On the basis of earlier experiments with N, and H,
plasma exposures'®~20 and the (expected) larger reactivity
of a CF, plasma compared to a N, or H, plasma, these
conditions were assumed to lead to a significant but not
excessive surface modification. In the following only re-
sults from this exposure are reported. The CF, gas used
was research grade (99.99%).

Winters, Coburn, and Kay have discussed the dissocia-
tion of CF,.?* These authors conclude that both for dis-
sociation of this molecule into ionic fragments and for
dissociation into neutral fragments the probability for for-
mation of CF; and F radicals is ~80%. For electronic
excitation of CF, there is a threshold energy of ~12.5 eV
for dissociation and up to an energy of ~16 eV only neu-
tral fragment are formed. At an energy of ~70 eV the
cross sections for dissociation into neutral and ionic frag-
ments are of the same order. We would therefore expect
for the present experimental conditions that the major
components of the plasma are CF; and F radicals
(~80%) and that both neutrals and ions are present. A
crude calculation of the number of radicals impinging on

the surface during the exposure can be made on the basis
of the experimental parameters (plasma density, etc.). We
estimate an upper limit in the order of a few tenths of a
monolayer.

Immediately after the exposure, the plasma chamber
was pumped down to its base pressure (below 10~3 torr)
followed by transfer of the substrate back to the main
chamber for characterization by RHEED and photoemis-
sion. The overall energy resolution in the photoemission
measurements was 0.2—0.4 eV in the valence-band studies
and 0.23 eV in core-level measurements at the photon en-
ergy hv=72.7 eV.

III. EXPERIMENTAL RESULTS

The exposure of the GaAs(001)-2 X 4 surface to the CF,
plasma has a dramatic effect on the surface properties.
RHEED measurements show a change of the diffraction
pattern from a 2X4 to a streaky 1X1 structure with a
rather high background. The 24 reconstruction of the
clean, As-terminated GaAs(001) surface is closely con-
nected with the formation of asymmetric As-As dimers**
and the RHEED results therefore indicate that the dimer
bonds have been broken by the CF, plasma exposure, but
that the surface remains crystalline. This is in agreement

Ga As(001)
Valence bands,l emission
- 2x4

— 2x4+
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FIG. 1. Photoelectron-energy spectra taken at normal emis-
sion for a number of photon energies of the clean GaAs(001)-
2 X 4 surface and of this surface after an exposure to a CF, plas-
ma. The vertical dashed lines indicate the energy positions of
CF,4-induced features.
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with our estimate that the total exposure of the surface
during the plasma treatment corresponds to considerably
less than one monolayer.

The photoemission results also demonstrate that the
plasma treatment has a large influence on the surface elec-
tronic properties. This is seen in Fig. 1, in which ARPES
spectra taken at normal emission at different photon ener-
gies are shown for the exposed surface and for compar-
ison also for the clean reconstructed surface. At low pho-
ton energies (25 eV) the GaAs valence-band structure can
still be recognized for the exposed surface, but the should-
er seen for the 2X4 surface near the top of the valence
bands is reduced in intensity. This shoulder is related to
dangling-bond-like surface states’* and at polar angles
where it is a strong peak for the 2X4 surface it appears
also for the exposed surface, but again with a much re-
duced intensity. At initial energies below ~ —5 eV the
hv=25 eV spectrum shows several features induced by
the CF, plasma. At higher photon energies these features
are dominating compared to the GaAs valence-band
structure, showing five major peaks or shoulders at
E; < —5 eV and rather little structure for E; > —5 eV.
The energy positions of these features which we have indi-
cated by vertical dashed lines (eye fit) are independent of
the photon energy (no energy dispersion with k) which is
in agreement with their surface nature. (The apparent
disagreement in energy position of lower and higher pho-
ton energies for the feature at E;~—5.9 eV is due to the
presence of a bulk GaAs feature at E;~—6.5 eV which
dominates at lower photon energies.) The increase in in-
tensity of the plasma-induced features with increasing
photon energy is related to a higher surface sensitivity
(smaller electron escape depth) and to the energy depen-
dence of the cross section for photon excitation.

It is interesting to compare these spectra with those of
gas-phase CF, (see, e.g., Refs. 29—32): They appear to be
quite similar, but with a considerable change in binding
energies towards smaller values. This is shown in Table I
(lower five rows), where results for gas-phase CF, are
given together with the present results. The binding ener-
gies and assignments for (CF,)g,, have been determined by
He 11 photoelectron measurements.”’ The present results

TABLE 1. Energy levels for gas-phase CF,, Ecr, (after Refs.

29 and 32), and for the present measurements GaAs(001) + CF,
plasma, Epasma. The energy difference AE =ECF4 —E pjasma 1S

also given. The energies are binding energies referred to the
vacuum level, E,,.,=0. The symmetry labels for the CF, levels
are also indicated. The results in brackets refer to very weak
features; see the text.

ECF4 (eV) Symmetry E jasma (€V) AE (eV)
43.8 3a, (38.7) (5.1)
40.3 2t, (36.1) (4.2)
25.1 4a, 21.2 3.9
22.1 31, 18.0 4.1
18.5 le 14.7 3.8
17.4 41, 13.3 4.1
16.2 1t 11.3 4.9

GaAs (001)-2x4 exposed to CF, plasma

hv=60eV, 8, =0°
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FIG. 2. Photoelectron-energy spectra taken at hv=60 eV at
two polar angles (6,) of the GaAs(001)-2 X 4 surface after an ex-
posure to a CF, plasma. The incident radiation was s polarized
(normal incidence, 6; =0°), with the vector potential A directed
along the [110] azimuth (dashed line) and the [110] azimuth
(full line).

are those indicated by the vertical dashed lines in Fig. 1,
which are referenced to the vacuum level by adding the
photoelectric threshold E,, of GaAs (~5.4 eV) to the
binding energy of Fig. 1 (= — E;). For the observed levels
there seems to be a one-to-one correspondence with a rath-
er uniform energy shift of ~3.9 eV, except for the
highest-lying level.

Photoemission spectra taken at off-normal polar angles
show peaks or shoulders at almost the same energies as
observed for normal emission, but the intensities depend
markedly on the polar angle and the polarization of the
incoming electromagnetic radiation. This is seen in Fig. 2
where spectra are shown for s-polarized light (normal in-
cidence) with the vector potential A parallel to the [110]
and the [110] azimuthal directions. For p-polarized radi-
ation (6; =45°) it is also found that spectra with A paral-
lel to the [110] azimuth display more intense peaks than
for the [110] azimuth.

In addition to the levels discussed above two more lev-
els are experimentally observed for gas-phase CF, using
XPS. These levels of symmetries 3a, and 2¢, have strong
F 2s character and are observed at binding energies of
43.8 and 40.3 eV, respectively. If similar levels are
present here they should be observed in the energy range
between the As(3d) level (E,~46 eV) and the Ga(3d) lev-
el (Ey~24 eV), irrespective of whether they have been
shifted by ~3.9 eV towards lower binding energies or not.
We have measured the photoemission spectra for the ener-
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gy range between the As(3d) and Ga(3d) levels at
hv=72.7 eV for both the clean surface and the surface
exposed to the CF, plasma. By subtracting the former
signal from the latter the background signal due to
inelastically scattered electrons could partly be eliminated.
The difference spectrum shows the presence of two weak
and broad features at binding energies of 36.1+0.4 eV and
38.7+0.4 eV. The peak heights are of the order of
5—10% of the background signal and ~1% of the
Ga(3d) peak height. The binding energies are 4—5 eV
lower than those of the F(2s) derived levels of CF, having
2t, and 3a,; symmetry character’? (see Table I, upper two
rows). The relative weakness of the two levels observed
here will be discussed in Sec. V.

Photoemission spectra of the As(3d) and Ga(3d) core
levels measured before and after the exposure of the
GaAs(001)-2 x4 surface to the CF, plasma are shown in
Fig. 3. The line shape of the As(3d) has changed a great
deal, while the Ga(3d) spectrum shows a broadening to-
wards higher binding energies. The changes are seen more
clearly in the difference spectra, also shown in Fig. 3, ob-
tained after normalizing the As and Ga spectra, respec-
tively, to the same peak height. (A better way of analyz-
ing the spectra would be to deconvolute these into the dif-
ferent components but we were not able to do so in a satis-
factory, unambiguous way; see below.)

We shall first discuss the As(3d) spectra. The differ-
ence spectrum shows a large component shifted towards
higher binding energies. This plasma-related component
is broadened to such an extent that it is not possible to ob-
serve any spin-orbit splitting. The high background ob-
served in RHEED points in the direction of a less well-
ordered surface, and the absence of spin-orbit splitting
might therefore be related to the presence of more than

Ga As (001)
hv =72 7eV
m As(3d) Ga (3d)
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FIG. 3. As(3d) and Ga(3d) core-level spectra measured at
normal emission and hv=72.7 eV of the GaAs(001)-2 X4 sur-
face and of this surface after an exposure to a CF, plasma.
Difference spectra between the exposed and the clean surface
are also shown.

one component and possibly a distribution rather than an
intrinsic broadening of the level. At lower binding ener-
gies (~40 eV) the difference curve shows a sign reversal.
It is well known from deconvolution of As(3d) spectra for
GaAs(001)-2 x4 that in addition to a bulk doublet (B)
there is a surface doublet (S;) shifted ~0.3 eV towards
lower binding energies (see, e.g., Ref. 33 for details). The
negative peak in the difference curve indicates that the
surface contribution S; has decreased as a result of the
plasma exposure. We have attempted to deconvolute the
As(3d) spectrum for the exposed surface and, in addition
to the two doublets mentioned, the presence of a doublet
Sy at 0.9%+0.1 eV higher binding energy than the bulk
doublet is found in the curve-fitting procedure. Due to
the broadening of the line shape at the high binding ener-
gy side it was not possible to obtain an unambiguous best
fit with these three doublets (nor with more) and the rela-
tive intensities of the various doublets can only be qualita-
tively estimated. It is found, however, that the plasma
treatment leads to a large reduction of the intensity of the
surface component S; (by more than 50%) and as is
directly seen from Fig. 3 to the appearance of the com-
ponent Sy.

Turning to the Ga(3d) results, the changes in line shape
induced by the plasma exposure are much less prominent,
although observable, than for the As(3d) level. The main
effect is seen as a broadening towards higher binding ener-
gies. The difference spectrum in Fig. 3 shows a peak
shifted ~0.9 eV towards higher binding energies than the
bulk doublet. In Sec. V we shall discuss further the core-
level results.

IV. MODEL CALCULATIONS

The results presented in Sec. III give strong indications
in support of the hypothesis that the exposure of the
GaAs(001)-2 X 4 surface to the CF, plasma leads to bond-
ing of CF; radicals to the surface atoms. This is suggest-
ed by the similarity between the valence-band spectra
presented here and CF, gas-phase spectra and by the fact
that CF; radicals are a main constituent of the plasma.
One would also expect an interaction between fluorine
atoms and ions and the surface atoms, but the observable
effects seem to be dominated by CF; radicals. Because
the starting surface was As-terminated, the total exposure
is considerably lower than corresponding to one mono-
layer and the As(3d) level is more modified by the expo-
sure than the Ga(3d) level, it is natural to assume that the
CF; radicals are bonded primarily to As surface atoms.
The possibility of bonding to Ga atoms cannot be exclud-
ed, however, and we will return to this point in Sec. V.

In order to gain insight into the bonding of CFj; radi-
cals to the GaAs surface we have performed Hartree-Fock
self-consistent-field (SCF) calculations for a model in
which we assume that the radicals are bonded to As sur-
face atoms.

A. Model

In Fig. 4(a) we show the asymmetric dimer of the
GaAs(001)-2 x4 surface with two dangling bonds and a
dimer bond. The initial energies of the dangling bonds are
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FIG. 4. Schematic diagrams of (a) the asymmetric dimer model for the reconstructed As-terminated GaAs(001) surface, showing
the dimer bond (D;) and dangling bonds (D,, and Dgows); (b) the unreconstructed As-terminated GaAs(001) surface showing a dehy-
bridized dangling bond (sp,) and a CF;* radical chemisorbed to such a dangling bond; (c) the pseudomolecule CF;H* where the pseu-

dohydrogen atom H* represents the surface.

in the range from —0.5 to —1.6 eV and for the dimer
bond ~ —3.5 eV.>* The RHEED results show that the di-
mer bond has been broken (the 2 X4 pattern has changed
to an unreconstructed 1 1 pattern) and the suggested sit-
uation after the chemisorption of a CFj; radical to the sur-
face is that shown schematically in Fig. 4(b). A new bond
has been formed between the As surface atom and the car-
bon atom of the CF; radical and its orbital is derived
from an sp,-like As dangling orbital and the similarly un-
saturated orbital of the CF; radical stretching out from
the carbon atom.

We have taken an extremely simple model for the clean
As-terminated GaAs(001) surface: Only the unpaired
electron in the As dangling-bond orbital is included expli-
citly, the rest of the surface being represented by an at-
tractive potential that keeps the electron bound. For sim-
plicity we take for the potential that of a positive point
charge Z*e and the dangling orbital is represented by an
s-orbital centered at the charge. So the surface is actually
modeled as a pseudohydrogen atom H* with a fractional
“nuclear” charge Z*e. One might think of Z*e as the ef-
fective charge of the surface As atom as seen by the
dangling-bond electron, i.e., screened by all other, core
and valence, electrons. The value of Z* is chosen so as to
produce the appropriate electron binding energy corre-
sponding to that of the dangling bond, ie., (Z*)?
Ry=E,=E;,—E;~6 ¢V or Z*=0.67, and accordingly
the effective Bohr radius of the s orbital becomes
a*=ay/Z*~0.80 A. Note that H* is fractionally nega-
tively charged by —0.33e.

We then take the molecule CF;H* shown in Fig. 4(c) to
serve as a cluster model for a CF; radical chemisorbed
onto the GaAs surface. In doing so we tacitly assume
that any changes brought about by the adsorption in the
surface itself (as, e.g., the disappearance of the reconstruc-
tion) are so small that the same model potential, i.e., the
same value of the effective charge, can still be used after
chemisorption has taken place. For our purposes this is a
reasonable assumption since the energy associated with
the reconstruction is of the order of a few tenths of an eV,

whereas we are interested here in shifts in the spectra of
the order of several eV.

B. Hartree-Fock SCF calculations
for CF,, CF;H*, and CF;H;

The Hartree-Fock SCF calculations were carried out
with the program MOLECULE-ALCHEMY,*® using atomic
basis sets of contracted Cartesian Gaussian functions.
The primitive basis sets were those given by Huzinaga:*’
(9s,5p) for C and F, (4s) for H; they were contracted to
[3s,2p] and [2s], respectively.’® For H* the basis set of
hydrogen was used, but with the exponents scaled down
by a factor (Z*)?~0.45; it was verified that this scaling
led to reoptimization. The geometries used all had
tetrahedral bond angles, with atomic distances R(C—
F)=1.32 A, R(C—H)=1.09 A as in CF; (Ref. 39) and
CH,,* respectively, and R(C—H*)=1.17 A. The last
value was obtained by minimizing the total energy of
CHj. Further geometry optimization affects, in particu-
lar, the C—H?* distance, but changes the orbital energies
by less than 0.1 eV, which is irrelevant for our purposes.

We first carried out calculations for the fluoromethane
series (CF,, ...,CH,) for which experimental ionization
energies are well known. The calculated values of the
Koopmans’s theorem ionization potentials were found to
agree very well with those given by Brundle et al.,? i.e.,
the rates at which the experimental ionization energies de-
crease upon hydrogenation are reproduced well in the cal-
culations. However, the calculated binding energies are
uniformly too high by about 3 eV. This is a common ex-
perience in ab initio SCF calculations, and may be as-
cribed to the imperfect cancellation of the reorganization
energy and correlation energy errors. In Fig. 5(a) we show
the results of the calculations for CF,, CF;H, and CF,H,
together with the orbital assignments. Here and in the
following we only discuss the calculated valence orbitals
corresponding to the strong observed features (see lower
five rows of Table I).

Turning to the results of the calculation for the series
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FIG. 5. Hartree-Fock SCF calculations of the binding ener-
gies for (a) CF,, CF;H, and CF,H,; (b) CF,, CF;H*, and CF,H
(see text). In (c) the experimental values of binding energies are
given for gas-phase CF, (from Ref. 29) and for GaAs(001)-2 < 4
exposed to a CF, plasma.

with H replaced by H*, shown in Fig. 5(b), we find that
successive substitution of F by H* instead of by H leads
to a much larger and, with the exception of the highest
level, more uniform upward energy shift. This may be
qualitatively understood as follows. Owing to the weak-
ness of the H* nuclear potential the deeper levels are
determined by the C and F nuclear potentials. Mulliken
population analysis indeed shows that these orbitals
change much less upon H* substitution than upon hydro-
genation: They remain very much CF,-like, i.e., behave as
internal molecular orbitals. The weaker attraction of elec-
trons by the H* potential (as compared to that by an H
nucleus) therefore acts, as a pure potential effect, rather
indiscriminately on all these orbitals. The situation is
quite different for the highest (6a) orbital where bonding
effects are dominant. As it turns out, this single orbital,
which has large contributions from the H* 1s and the C
2s and 2p, orbitals, accounts for nearly all of the C—H*
bond, and at the same time has become strongly C—F an-
tibonding.

Finally we compare the calculated orbital energies for
CF;H* with the experimental results for GaAs(001) after
CF, plasma exposure, shown in Fig. 5(c). If we add 3 eV
to the calculated energies to correct for the systematic er-
ror in SCF calculations discussed above, there is quite
good agreement between theory and experiment: Not only
the uniformity but also the magnitude (about 4.0 eV) of
the level shifts with respect to CF, are reproduced well.
For the uppermost level the agreement is somewhat less

good, but one should note that a similar though slightly
smaller discrepancy occurs for CF;H as well. In addition,
precisely this highest bonding level will be most sensitive
to the less adequate representation of the sp,-like As dan-
gling orbital by a spherical s orbital. In conclusion, the
calculations support our hypothesis that CF; radicals are
chemisorbed on the As site without significant changes in
their internal electronic structure and all of the bonding
effects taking place in a bond formed from the sp,-like As
dangling orbital and the carbon sp, orbital.

V. DISCUSSION

In Sec. IV a model was used in which the substrate was
reduced to a pseudohydrogen atom H*. This simplifica-
tion seems justified insofar as it provides a good general
agreement between experimental and calculated orbital en-
ergy positions of the chemisorbed molecule. However, the
limitations of the model are also obvious since the elec-
tronic structure of the substrate is not properly accounted
for. This is reflected in the disagreement between the ex-
perimental and theoretical binding energies for the bond-
ing orbital as discussed at the end of Sec. IV B, and in ad-
dition the model obviously cannot deal with the observa-
tion of an angular anisotropy as shown in Fig. 2. This
latter result shows that the surface must have an ordering
effect on the chemisorbed molecules. It is possible to cal-
culate the photoemission intensity from localized orbitals
on solid surfaces*!"*? and by comparison with experiments
to determine the geometry. This is outside the scope of
this paper, however, and would require more systematic
measurements than are presented here.

In Sec. III we reported the presence of two levels of
binding energies of ~36.1 and ~38.1 eV. The levels are
very weak and difficult to observe which can be related to
a small photoionization cross section. We first note that
Banna and Shirley’? have compared spectra for CF;H
measured using Mg Ka radiation (1253.6 eV) and yttrium
M, radiation (132.3 eV). The relative intensity of the
peaks having 5e (E, =16 eV) and 2e (E, =39 eV) symme-
try characters changes from 1:4 at Av=1253.6 eV to 1:0.4
at hv=132.3 eV, indicating that strong photoionization
cross-section effects are present. We have therefore com-
pared the expected peak intensities on the basis of calcu-
lated atomic photoionization cross sections o and experi-
mental widths w, setting I =o/w. Using the Hartree-
Fock-Slater dipole length approximation, Yeh and Lin-
dau®’ calculated o for all elements up to Z=103. Taking
the photon energy of 80 eV as representative for the ener-
gy used here (72.7 eV) one has o[F(2s)]=0.67 Mb and
0[Ga(3d)]=8.39 Mb. The linewidths of the Ga(3d) level
in GaAs is ~1 eV (including both spin-orbit split com-
ponents). In the adsorbed CFj; radical (i.e., CF;H*) the
F(2s) level is expected to split into two levels of 3a; and
2e symmetry having intensity ratios 1:2. The experimen-
tal linewidths are ~2 eV. Assuming equal numbers of
Ga and F atoms one finds I[F(2s,2e)] to be about 2% of
the Ga(3d) intensity. The observed signal (see Sec. III) is
in the order of 1% of I[Ga(3d)] which is quite reasonable
in view of the estimate that the concentration of chem-
isorbed radicals is in the submonolayer range.
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Considering the effects of the CF, plasma exposure
upon the substrate surface ample evidence has been found
for a strong modification of this, e.g., a change of recon-
struction and a decrease of the surface state emission.
This can be understood directly in the model of bonding
of CF; radicals to As surface atoms because the dimer
bond will be broken and the dangling bonds will disap-
pear. The core-level results also suggest this model. We
note that for the As(3d) level the surface contribution S;
is reduced while a new component Sy appears at higher
binding energy. Using a simple electrostatic model pro-
posed by Brennan et al.,** which has been applied to
GaAs(001) in a study of the ¢ (4 X 4) reconstruction,* one
may relate a core-level shift to a charge transfer (see Ref.
45 for details). Using a value of 1.9 eV/electron and an
energy shift between the bulk component and S; of ~0.9
eV this implies a charge transfer of ~0.45
electron/surface atom from the surface As atom to the
chemisorbed radical. If the energy shift between S; and
Sy (~1.2 eV) is considered more appropriate an even
higher charge transfer ( ~0.6 electron/atom) is calculated.
Both values are rather large, in agreement with what
would be expected on the basis of the electronegative
character of the CF; radical.

The Ga(3d) core-level results also show a large charge
transfer, but the number of atoms involved is relatively
small when judged on the basis of changes in line shapes.
This could be explained by assuming that the bonding of
the CF; radicals is felt also in the second layer of the sub-
strate changing the charge distribution in that layer too.
Another explanation, which we consider more plausible, is

that the surface stoichiometry has been changed during
the plasma exposure by desorbing some As atoms. A
bonding of CF; and/or F radicals to the Ga surface atoms
formed in this way would lead to the observed strong
charge transfer. Because only few Ga surface atoms have
been created the change in the Ga(3d) line shape is small.
With respect to the CF; radical-induced valence-band
structure for a Ga-terminated GaAs surface we would not
expect a very different structure compared to the As-
terminated surface, since the energy levels of As and Ga
dangling bonds are both close to the top of the valence
bands.

In conclusion, the present investigations have demon-
strated that photoemission and reflection electron diffrac-
tion can be fruitfully used to investigate the effects of a
fluoromethane plasma exposure to a semiconductor sur-
face, and the experimental results have largely been ex-
plained on the basis of an SCF calculation for a simplified
chemisorption model.
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